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Abstract of the Dissertation
Evolutionary origins, regulation, and function of carotenoid biosynthesis in the marine
heterotrophic eukaryote, Aurantiochytrium limacinum
by
Mariana Rius
Doctor of Philosophy
in
Marine and Atmospheric Sciences
Stony Brook University
2021
Thraustochytrids are abundant and ubiquitous marine protists that are important in global elemental
cycling and in supporting oceanic food webs through de novo omega-3 polyunsaturated fatty acid
production. Thraustochytrids are also one of few heterotrophic eukaryotes with the capacity to synthesize
carotenoids, a class of antioxidative pigments made up of carotenes (e.g., β-carotene) and xanthophylls
(e.g., astaxanthin). Heterotrophic production of carotenoids is typically associated with protection against
oxidative stress, yet the eco-physiological role and evolutionary origin of thraustochytrid carotenoid
production remain elusive.
A. limacinum encodes the first three carotenoid biosynthesis-specific enzymes (phytoene synthase,
phytoene desaturase, and lycopene cyclase) in a single trifunctional gene, crtIBY. In exploring the
evolutionary origins of crtIBY, the most similar proteins were consistently found in a diverse group of
protists, including the apusomonad Thecamonas trahens and the dinoflagellates Oxyrrhis marina and
Noctiluca scintillans. Phylogenetic analyses suggest that carotenoid biosynthesis in this cluster originated
from a lineage containing Actinobacteria, Bacteroidetes, and Archaea (ABA) and that the Halobacteria
(Archaea) are likely the source of horizontal gene transfer. These findings reveal the first example of
eukaryotic carotenoid biosynthesis with origins from the ABA lineage.
To address the functional significance of thraustochytrid carotenogenesis, a transformation system
enabling genetic manipulation of A. limacinum was developed using a bleomycin resistance gene (BleoR,
ShBle), with a native GAPDH promoter and terminator system. To create a non-carotenogenic A.
limacinum strain, inactivation of crtIBY was achieved by targeted insertion of the bleomycin resistance
cassette. The resulting non-pigmented strains were stable and did not show a consistent growth
disadvantage, revealing that carotenoids are not essential under typical lab growth conditions.
Wildtype and non-carotenogenic A. limacinum strains were grown under different conditions to gain
insight into the regulation of carotenoid accumulation. Wildtype cells showed greater carotenoid
accumulation in nutrient-rich media and in agar plates containing methylene blue, which produces singlet
oxygen when exposed to light. I speculate that carotenoid accumulation in A. limacinum is regulated as
part of an oxidative stress response experienced in nutrient-rich media and by singlet oxygen, such as what
A. limacinum may experience in its native habitat of decomposing mangrove leaves.
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Chapter 1:

1.1

Introduction

Background
Labyrinthulomycetes

Labyrinthulomycetes are single-celled, primarily osmoheterotrophic, marine eukaryotes
(protists). They are cosmopolitan in distribution and have been identified in coastal, brackish,
and open ocean environments (Raghukumar et al., 2001) ranging from the equatorial Indian
Ocean (Raghukumar, 2002) to the Antarctic region (Bahnweg and Sparrow, 1974).
Labyrinthulomycetes serve an important ecological role as decomposers which is achieved
using unique morphological features known as ectoplasmic net elements (EN) and a variety of
extra-cellular enzymes (Raghukumar, 2002; Raghukumar et al., 2000).
Taxonomic Classification
Since the first morphological descriptions of Labyrinthula by Cienkowski in 1867, the
labyrinthulomycetes have held a series of taxonomic placements. After originally being
classified in Protozoa as Rhizopodea (Calkins, 1934), Labyrinthula were moved to the fungal
order of Chytridiales (Phycomycetes) (Sparrow, 1934) where Thraustochytrium, first described
by Sparrow in 1936, was also placed. Both were moved to the fungal order Saplolegniales of
the Oomycetes because of the presence of biflagellate heterokont zoospores (Patterson, 1989;
Sparrow, 1943, 1960; Dick, 1973; Goldstein, 1973; Gaertner, 1977), and then in 1975 the
thraustochytrids and labyrinthulids were joined and placed into their own protistan phylum:
Labyrinthulomycota (Olive, 1975), where they remain to this day under two families:
Labyrinthulaceae and Thraustochytriaceae (Olive 1975, Porter, 1989). It was the ultrastructure
of the flagellar apparatus of the thraustochytrids and labyrinthulids that confirmed their
placement within the heterokonts (Andersen, 1991; Barr and Allan, 1985). The stramenopilian or
anterior flagellum of the labyrinthulomycetes bears the characteristic heterokont tubular,
tripartite hairs (Dick, 2001). Placement of the thraustochytrids and labyrinthulids amongst the
heterokonts is also supported by 18S rRNA phylogenies (Cavalier-Smith et al., 1994; Honda et
al., 1999).
Among the stramenopiles, extensive phylogenomics (dataset of 339 protein alignments)
reveal that the labyrinthulomycetes are a strongly supported basal monophyletic branch (Figure
1.1) (Derelle et al., 2016). The grouping of the Stramenopiles with the two closest lineages
(outgroups): alveolates and rhizaria, which together make up the SAR clade, indicates the root
of the Stramenopiles between the clades Bigyra and Gyrista. This root placement supports a
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non-plastidial state (Bigyra and Oomycota) as paraphyletic and a plastidial cell (Ochrophyta) as
monophyletic, giving way to several hypotheses regarding the ancestral state of the
Stramenopiles, explored below.

Figure 1.1 Bayesian phylogenomic tree of stramenopiles (Derelle et al., 2016).
Stramenopilian ancestry
A long-standing debate surrounds the nature of the stramenopilian ancestor. The
Chromalveolate hypothesis (Figure 1.2A), which argues that the Cryptophytes, Alveolates,
Stramenopiles, and Haptophytes (CASH lineages) all share a common ancestor that engulfed a
secondary plastid derived from a red alga (Cavalier-Smith, 1999), would imply that the ancestor
of the Stramenopiles was photosynthetic and plastidial, and that the extant non-plastidial
lineages (Bigyra and Oomycota) had lost their plastids at some point in their evolutionary past
(Cavalier-Smith, 1999; Yoon et al., 2002; Tsui et al., 2009). The alternative, Serial
Endosymbiosis hypothesis (Figure 1.2B), shares the idea that plastids were derived from a
secondary endosymbiosis of a red alga, yet argues that the plastid was spread laterally across
the CASH lineages, resulting in tertiary and quaternary endosymbiotic events (Sanchez-Puerta
and Delwiche, 2008; Baurain et al., 2010; Dorrell and Smith, 2011; Petersen et al., 2014; Stiller
et al., 2014). The Serial Endosymbiosis hypothesis would imply that the ancestor of the
Stramenopiles was non-photosynthetic and non-plastidial.
Leyland et al. (2017) and Derelle et al. (2016) argue that since the plastidial
Stramenopiles form a monophyletic group (the Ochrophyta), and the other non-plastidial
Stramenopile lineages (Bigyra and Oomycota) are paraphyletic, the more parsimonious solution
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is for the Ochrophyta to have gained their plastid once, rather than the multiple plastid losses
required in non-plastidial Stramenopile lineages and in other lineages. Conversely, CavalierSmith (2018) argues that no evolutionary obstacle exists in the loss of plastids, especially if
occurring with the evolution of novel feeding modes, which may have provided an advantage
over the other heterotrophic protists, and that “it is not in the least unparsimonious to suggest
several early plastid losses” (Cavalier-Smith, 2018). Derelle et al. (2016) suggests scanning the
genomes of free-living bigyran stramenopiles for potential plastid gene remnants as a means of
settling this ongoing uncertainty.

Figure 1.2 Plastid lineage and plastid gain and loss events according to (A) the chromalveolate
hypothesis or (B) the serial endosymbiotic hypothesis (Leyland et al., 2017).
Unique Characteristics of Labyrinthulomycetes
What differentiates labyrinthulomycetes from other Stramenopiles is a unique organelle
recognized as the sagenogenetosome (Perkins, 1972, 1973; Porter,1990) or sagenogen (Olive
1975) or bothrosome (Porter, 1972). It is through this structure that ectoplasmic net elements
(EN), which are thought to be extensions of the plasma membrane (Honda et al., 1999), are
extruded resulting in the morphological resemblance to the fungal chytrids (Figure 1.3A). The
EN enables the cell to attach to surfaces and to increase the surface area for digestion by
secreting digestive ecto- (associated with the cell) and exo-enzymes (liberated from the cell)
(Coleman and Vestal, 1987).
Another morphological characteristic unique to the Labyrinthulomycetes is their cell wall.
Non-cellulosic dictyosome-derived circular scales are arranged in a single layer in Labyrinthula
and in several layers in thraustochytrids (Darley et al., 1973) (Figure 3B). The cell wall contains
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sulphated polysaccharides made of galactose or fucose (Chamberlain 1980; Bahnweg and
Jäckle 1986).

Figure 1.3. Thraustochytrids in culture. (A) Aurantiochytrium limacinum with visible ectoplasmic
net extensions. Scale bar = 10 µm (Honda et al., 1998). (B) Thraustochytrium sp. wall scales
(S) and nucleus (N). Scale bar = 0.5 µm (Chamberlain and Moss, 1988).
Phylogenetic and Morphologic Diversity of Labyrinthulomycetes
Originally, the phylum Labyrinthulomycota was comprised of the Thraustochytriidae (=
Thraustochytriaceae) and the labyrinthulids (family Labyrinthulidae = Labyrinthulaceae) (Olive,
1975). Subsequently, the labyrinthulids adopted the monophyletic genus Aplanochytrium in
addition to Labyrinthula (Leander and Porter, 2001), and the thraustochytrids came to include
polyphyletic genera, like Schizochytrium and Thraustochytrium, in addition to monophyletic
genera including Ulkenia, Aurantiochytrium, Botryochytrium, Parietichytrium, and
Sicyoidochytrium (Yokoyama et al., 2007) (Figure 1.4A). The genus Aurantiochytrium was
relatively recently created (Yokoyama and Honda, 2007), and strains that belong to it based on
18S rRNA sequences are still referred to as Schizochytrium by many authors.
Some differences between the labyrinthulids and the thraustochytrids are found in cell
wall composition, colonial organization, and vegetative cell and zoospore motility (Figure 1.4B).
Most Labyrinthulidae contain fucose as the major cell wall carbohydrate (Bahnweg and Jackle,
1986), while thraustochytrids (including Thraustochytrium, Schizochytrium, Japonochytruim, and
Ulkenia) have galactose as the major cell wall carbohydrate (Darley et al., 1973). Labyrinthula
create colonial communities embedded within the EN enabling their spindle-shaped vegetative
cells to glide across this network as a form of motility. Like Labyrinthula, Aplanochytrium cells
also use the EN for motility, yet these movements are described as crawling (Leander and
Porter, 2000), and the ectoplasmic filaments do not fully enrobe the cells as with Labyrinthula.
Aplanochytrids are solitary (Leander et al., 2004) and release non-flagellated aplanospores
rather than zoospores (Leander and Porter, 2001). Conversely, thraustochytrid vegetative cells
(4 to 20 µm diameter) (Raghukumar, 2002) are non-motile and do not use the ectoplasmic
network for mobility as in the labyrinthulids (Tsui et al., 2009).
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Figure 1.4. Phylogenetic and morphological diversity of Labyrinthulomycota. (A) Phylogenetic
diagram depicting the relationships and taxonomy across Labyrinthulomycota based on multigene phylogenies constructed by Honda et al. (1999) and Tsui et al. (2009). Clade I represents
the thraustochytrids (Tsui and Vrijmoed, 2012). (B) Diagram (Leander et al., 2004) and
micrographs (100X) of cultured Aurantiochytrium limacinum (thraustochytrid), Aplanochytrium
kerguelense (aplanochytrid), and Labyrinthula zosterae (labyrinthulid).
Thraustochytrids
Unlike Labyrinthula and Aplanochytrium which are commonly found living on algae and
seagrasses (Tsui and Vrijmoed, 2012), thraustochytrids are rarely observed on living marine
phytoplankton and algae (Johnson 1976), and instead, are generally found associated with
organic detritus, decomposing algal and plant material, and in sediments (Ulken 1986, Miller
and Jones 1983, Raghukumar and Raghukumar 1992). An exception for detrital substrate is
observed in the thraustochytrid known as QPX which causes hard clam (Mercenaria
mercenaria) infection (Ragan et al., 2000). The degradative enzymes produced by
thraustochytrids, supporting their role as decomposers of detritus, include proteases, lipases,
cellulases, pectinases, amylases, xylanases, gelatinases, ureases, phosphatases, chitinases
and -Glucosidases (Sharma et al., 1994, Raghukumar et al. 1994, Ma and Chen, 1994,
Bremer and Talbot, 1995, Bongiorni et al., 2005, Damare and Raghukumar 2006, Taoka et al.,
2009, Nagano et al., 2010). In nutritionally poor mangrove systems, where Aurantiochytrium
spp. are commonly isolated, thraustochytrids play a particularly critical role in enriching the food
web by decomposing refractory mangrove leaf litter (Bremer 2000). Thraustochytrids in the
ocean have been likened to the decomposing functions of fungi and bacteria in terrestrial
ecosystems (Raghukumar, 2002).
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Life Cycle of Aurantiochytrium spp.
The life cycle of Aurantiochytrium spp. contains diverse cell types. Mature vegetative
cells may take the form of large multinucleate oleaginous cells that contain numerous lipid
droplets (Figure 1.5A: F), or the form of zoosporangium (Figure 1.5A: N) or
amoebosporangium (Figure 1.5A: H) (Ganuza et al., 2019), which release multiple
mononucleate swimming biflagellated zoospores (Figure 1.5A: Q, R, S) or motile (via
pseudopodia) limaciform-amoeboid cells, respectively (Figure 1.5A: J). Ganuza et al. (2019)
also observed the development of cysts through the thickening of the cell wall at the oleaginous
cell stage (Figure 1.5A: G) or sporangium cell stage (Figure 1.5A: I, O). Alternatively,
vegetative cells may undergo successive bipartition in which a geometric cluster of
mononucleate cells develops (Figure 1.5B).

Figure 1.5. Thraustochytrid life cycle. (A) Diagram of cell types in Aurantiochytrium acetophilum
life cycle (Ganuza et al., 2019). See Supplemental Table 1.1 for cell stage descriptions. (B)
Microscopy of Aurantiochytrium limacinum (originally Schizochytrium limacinum). Upper two
panels show developing (16 nuclei) and mature zoosporangium (30 zoospores) in brightfield
(left), with DAPI (nucleic acid stain) (center), and both channels (right). Lower panels show
successive binary division of vegetative cells, whereby each cell contains a single nucleus.
Scale bar = 10 µm (Honda et al., 1998).
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Thraustochytrids produce several biomolecules of interest
Thraustochytrids initially gained attention in the biotechnological industry for their large
production of polyunsaturated fatty acids (PUFAs) (Lewis et al., 1999). Many
labyrinthulomycetes accumulate high levels of omega-3 long-chain polyunsaturated fatty acids
(PUFAs), such as eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA) and
docosapentaenoic acids (DPA) (Lewis et al. 1999). Thraustochytrids use two biosynthetic
pathways for fatty acid synthesis. In broad terms it is thought that saturated fatty acids are
produced by the conventional desaturation and elongation pathway (standard fatty acid
synthesis), while PUFAs are synthesized by the polyketide synthase (PKS) pathway, though it
has been suggested that thraustochytrids might utilize both pathways for PUFA biosynthesis
depending on substrate availability (Lippmeier et al. 2009). Their ability to produce omega-3
poly-unsaturated fatty acids (PUFAs) de novo is important to marine ecosystems through
providing an essential nutrient to higher trophic levels (Raghukumar and Damare, 2011; Singh
et al., 2014; Veloza et al., 2006).
Thraustochytrids have more recently been considered as large-scale production
candidates for two additional compounds: squalene (Jiang et al., 2004) and carotenoids (Aki et
al., 2003; Raghukumar, 2008). With commercialization interests, most research focuses on
optimizing maximal fatty acid profiles and carotenoid production in thraustochytrids rather than
on the ecological and physiological functions pertaining to the production and storage of PUFAs
and carotenoids.
Carotenoids
Carotenes, xanthophylls, and apocarotenoids
Carotenoids are a class of mainly yellow, orange, or red fat-soluble natural pigments.
The name “carotene”, derived from the carrot (Daucus carota), was first given in 1831 by
Wackenroder after isolating and crystallizing the pigment from carrot roots. The term
“xanthophyll” was coined in 1837 by Berzelius after describing a yellow pigment he had
extracted from senescent leaves. In 1911, Tswett joined the two pigment classes under the
designation of carotenoids as he had recognized the chemically related nature of the carotenes
and xanthophylls (Armstrong and Hearst, 1996). The two subclasses differ in that carotenes are
purely hydrocarbon molecules, whereas xanthophylls are oxygenated carotenoids (Figure
1.6A). Lycopene (red, found in tomatoes) and β-carotene (orange, found in carrots) are
examples of carotenes, whereas astaxanthin (red, found in algae and fungi) is an example of a
xanthophyll.
As of November 1, 2020, the Carotenoid DataBase (http://carotenoiddb.jp) indicates that
more than 1200 unique carotenoid molecules have been identified in over 700 organisms
(Yabuzaki, 2017). This impressive diversity results from the ancient evolutionary origins of
carotenoid biosynthesis (Armstrong, 1997) and from the functional versatility of carotenoids
(Vershinin, 1999). The conserved structure of carotenoids consists of a rigid conjugated
hydrocarbon backbone with an end group at each end of the polyene chain (Figure 1.6B).
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Variations in the molecular structure (i.e., the length of the conjugated backbone or end group
modifications) alter the pigments’ properties and, ultimately, their function in the cell.

Figure 1.6. Carotenoid molecular structures. (A) Diversity across carotenoid classes: aliphatic
(lycopene) and cyclic (β-carotene) carotenes and oxygenated xanthophylls. (B) Annotated βcarotene molecular structure indicating the conjugated backbone (polyene chain) and end
groups (adapted from Maoka, 2020).
An additional class of carotenoids are the apocarotenoids. These are (not exclusively)
oxidatively cleaved carotenoid products. An example is retinal, the chromophore of rhodopsin
and related proteins, which is produced through the oxidative cleavage of β-carotene.
Carotenoid properties
Carotenoids are synthesized using (C5) isoprenoid units (isoprenoid biosynthesis),
resulting in compounds with 30 – 50 carbon molecules (C30, C40, C45, C50). Two distinct
biosynthetic pathways are involved in producing carotenoids: (1) via C30 carotenoid biosynthesis
which is found in only a few bacterial species, Staphylococcus (Taylor and Davies, 1976) and
Heliobacterium (Takaichi et al., 1997) or (2) via C40 carotenoid biosynthesis. C40 carotenoids are
both the most abundant in nature (Rodriguez-Concepción et al., 2018) and the most broadly
distributed taxonomically (Maoka, 2020).
The conjugated backbone (i.e., polyene chain) of the carotenoid absorbs visible light
between 400 – 500 nm (Armstrong and Hearst, 1996). It is the electron-rich core of the
conjugated double bond system that allows carotenoid molecules to remove high-energy
electrons from free radicals and “delocalize” their electronic energy, giving carotenoids an
antioxidant activity (Britton 1995). Thus, the number of double bonds within the backbone and
the cyclic and oxygenated end groups determine each carotenoid’s capacity for quenching free
radicals and its color (Varela et al., 2015). The polar extremities (ionic rings) confer the potent
capacity for quenching free radicals. Carotenoids which possess oxygen groups are more
efficient in scavenging free radicals than those without oxygen groups (Terao et al.,1990).
Astaxanthin possesses the strongest scavenging activity against free radicals and other prooxidant molecules, protecting lipid bilayers from peroxidation because of its highly oxygenated
ionic rings (Figure 1.6). β-carotene, although also an efficient scavenger of free radicals (Burton
and Ingold, 1984), falls behind the scavenging efficiencies of astaxanthin and canthaxanthin
(Terao et al., 1990). Singlet oxygen scavenging assays also rank the radical scavenging
efficiency according to oxygenated ionic groups (Miki, 1991).
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Carotenoid functions
The biosynthesis of carotenoids has an ancient evolutionary origin (Armstrong, 1997). It
is thought that carotenoids first emerged in archaea to reinforce the cell membrane as
“molecular rivets” (Rohmer et al., 1979). Carotenoids with the rigid polyene chain bound by a
polar end group on each side can span the membrane, influencing membrane fluidity (Rohmer
et al., 1979), stability and rigidity (Vershinin, 1999), and supporting and reinforcing the
membrane (Ourisson and Nakatani, 1994) as sterols and hopanoids do in eukaryotes and
bacteria (Santana-Molina et al., 2020). Hopanoids are both the structural analogs and
phylogenetic precursors of sterols (Rohmer et al., 1979). Neither carotenoid nor hopanoid
biosynthesis require molecular oxygen, suggesting that these two pathways may have been
critical in membrane fluidity and stability in early archaeal and bacterial cells prior to the Great
Oxygenation Event (2,300 million years ago). Today carotenoids are synthesized by organisms
found across all three domains of life serving a multitude of functions which extend beyond
influencing membrane fluidity. Broadly, the function of carotenoids can be divided into the
functions provided to phototrophs and to heterotrophs.
1.1.3.3.1 Functions of carotenoids in phototrophs
Carotenoids are considered essential to organisms with oxygenic photosynthesis
(plants, algae, cyanobacteria), such that gene mutations or inhibitors (e.g., norflurazon)
disrupting carotenoid biosynthesis can prevent recovery from photoinhibition or prove lethal in
the presence of light and oxygen (Sistrom and Clayton, 1964; Ben-Amotz et al. 1987). Goodwin
(1979) argues that had chlorophyll and carotenoid synthesis not evolved together, present-day
photosynthesis could not exist. Carotenoids prevent photo-destruction of the chloroplast
(Goodwin, 1980) by directly quenching excited-state chlorophylls (3Chl) (Cogdell and Gardiner,
1993) and reactive oxygen species (ROS) (Sieiro et al., 2003) such as singlet oxygen (1O2)
(Telfer, 2002). Excess energy is dissipated via the xanthophyll cycle in higher plants and certain
algae (Latowski et al., 2011) or released as heat (Telfer et al. 2002). Absorbed radiant energy
can also be transferred to chlorophyll molecules in a light harvesting function (Armstrong, 1997).
1.1.3.3.2 Functions of carotenoids in heterotrophs
Unlike phototrophs, carotenoid biosynthesis in heterotrophs is generally considered nonessential, yet carotenoids play important and diverse roles across various taxa. These roles can
be broadly classified into two categories: (1) as photoprotective pigments against ROS and (2)
as precursors of the retinal chromophore used in rhodopsin-mediated functions.
1.1.3.3.2.1 Photoprotective pigments against ROS
Although singlet oxygen is less likely to be produced in heterotrophs, having a means of
quenching singlet oxygen may be advantageous. For instance, the pigmented yeast,
Xanthophyllomyces dendrorhous, which is found primarily on the bark of high-altitude birch
trees, produces carotenoids enabling its survival in the tree’s sap, which under illuminated
conditions generates ROS (likely singlet oxygen) that would otherwise kill the yeast cell
(Schroeder and Johnson, 1995). Schroeder and Johnson (1995) suggest that carotenoids may
be of particular importance in X. dendrorhous because it accumulates a high level of
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polyunsaturated fatty acids (Johnson et al., 1980), which are among the most reactive with
singlet oxygen (Bradley and Min, 1992). The association of carotenoids with lipids may provide
defense against lipid peroxidation in the cell.
Esterified polyunsaturated fatty acids (PUFAs), such as biomembranes or storage lipids,
are subject to peroxidation induced by ROS (Gasparovic et al., 2013). Lipid peroxidation occurs
in three phases: initiation (Figure 1.7 A), propagation (Figure 1.7 B,C) and termination (Figure
1.7 D). Lipid peroxidation is initiated when a free radical removes an H· radical from a lipid chain
(RH) resulting in an unpaired electron in the remaining lipid molecule (R·; Figure 1.7 A), which
readily reacts with oxygen forming a lipoperoxyl radical (ROO ·; Figure 1.7 B), which then
readily reacts with another lipid (RH) to produce a hydroperoxyde (ROOH; Figure 1.7 C).
Peroxidation is propagated because the remaining lipid contains an unpaired electron (R·) again
readily reacting with oxygen to form a lipoperoxyl radical (ROO ·), etc. Hydroperoxydes (ROOH)
are unstable and decompose to secondary products. Termination occurs when a radical species
combines to produce a non-radical or non-propagating species, or the radical is scavenged by
an antioxidant (Figure 4.1D). The electron-rich conjugated system of a carotenoid is
responsible for its antioxidant activities, including quenching singlet oxygen (Mascio et al., 1989;
Conn et al., 1991) and scavenging radicals to terminate chain reactions (Burton and Ingold,
1984).

Figure 1.7 Three phases of lipid peroxidation: (A) Initiation, (B, C) Propagation, and (D)
Termination. RH = a polyunsaturated fatty acid; In · = Initiating radical (Porter et al., 1995).

1.1.3.3.2.2 Precursors of chromophores in rhodopsin-mediated functions
Relative to the complexity of chlorophyll photosystems, rhodopsins are a very simple
photosystem. A functional rhodopsin system requires only the opsin protein itself and its
chromophore retinal. Several functions can be performed using retinal-based photosystems:
proton pumping, ion pumping, gene regulation, light sensing, phototaxis, and vision (Pinhassi et
al., 2016).
Retinal absorbs a photon of the appropriate wavelength causing a conformational
change in the rhodopsin which results in proton or ion movement across the membrane.
Rhodopsins pumping protons, chloride, or sodium ions exist in Bacteria, Archaea, and Eukarya.
Sensory rhodopsins (e.g., involved in phototaxis) are functionally more complex as they interact
with phototaxis transducer proteins (Spudich et al., 2000).
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Antioxidative systems of thraustochytrids
Although oxygen is essential for aerobic respiration, the presence of oxygen in the cell
results in the continuous formation of ROS by the mitochondrion as a part of cellular metabolism
(Vavilin, 1998). The mitochondrial synthesis of adenosine triphosphate (ATP) requires several
oxidative phosphorylation reactions in which, when one or two electron-reductions of oxygen
occur instead of four, H2O2 or O2∙− are produced (Inoue et al., 2003). The most commonly
produced ROS within the mitochondria is superoxide anion, O2∙−, generated by one electronreduction of O2 (Murphy, 2009). These ROS readily react with and potentially damage nucleic
acids, proteins, and lipids (Inoue et al., 2003). When ROS molecules are not balanced by
antioxidative systems, the cell enters oxidative stress. Two antioxidant pathways have
previously been described: a non-enzymatic (i.e., molecular) and an enzymatic system (Bouvier
et al., 1998).
Carotenoids in thraustochytrids
Molecular antioxidative systems include ascorbate, glutathione, carotenoids,
tocopherols, and phenolics (Sharma, et al., 2012). Across heterotrophic eukaryotes, carotenoid
production is observed in the fungal lineage (and the few arthropod lineages which acquired the
pathway from the fungi via horizontal gene transfer) and the thraustochytrids. The
thraustochytrids are the only known heterotrophic carotenogenic stramenopiles, yet the distantly
related photosynthetic Stramenopiles, the Ochrophytes, also produce carotenoids.
Although carotenoids have been identified in numerous thraustochytrid strains (Table
1.1), the ecological and physiological function of carotenoid production remains hypothetical.
Interestingly, carotenoid production is not found in all thraustochytrids, nor in all species within
the same genera (Fan et al., 2009). The non-uniform distribution of carotenoid production
across thraustochytrids suggests that carotenoid biosynthesis is not essential, yet the presence
and evolutionary retention of the pathway suggest that carotenoid biosynthesis provides a
functional advantage to the cell under at least some conditions. Similar to the suggestion put
forth by Schroeder and Johnson (1995) regarding the function of carotenoids in protecting the
lipids of Xanthophyllomyces dendrorhous from lipid peroxidation, Aki et al. (2003) hypothesizes
that the function of carotenoids in labyrinthulomycetes is to protect PUFA stores from oxidation.
Other hypotheses include the use of carotenoids (1) in quenching ROS that are produced via
anaerobic respiration or that are found in their environment or (2) in phototaxis by swimming
zoospores and motile amoebospores.
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Table 1.1 Carotenogenic thraustochytrids, observed carotenoid species, and corresponding
reference.
Thraustochytrid
Schizochytrium
aggregatum
Thraustochytrium sp.
CHN-1*

Carotenoid(s)

Reference

Echinenone, Canthaxanthin

Valadon (1976)

β-carotene, Echinenone, Phoenicoxanthin,
Canthaxanthin, Astaxanthin

Carmona et al. (2003)
Yamaoka et al. (2004)
Aki et al. (2003)
Iwasaka et al. (2018)
Arafiles et al. (2014)

Aurantiochytrium sp.
KH105

β-carotene, Astaxanthin, Canthaxanthin

Thraustochytrium sp.
ONC-T18*
Aurantiochytrium
limacinum SR21
Aurantiochytrium
spp.
Aurantiochytrium sp.
AS4-A1

Canthaxanthin, β-carotene, Astaxanthin,
Echinenone
Astaxanthin, Zeaxanthin, Canthaxanthin,
Echineone, and β-carotene
Adonirubin, Astaxanthin, β-carotene,
Canthaxanthin, and Echinenone

Thraustochytrium sp.
SB04
Schizochytrium sp.
SB11
Thraustochytrium sp.
AMCQS5-5
Schizochytrium sp.
S31
Schizochytrium
limacinum B4D1
Schizochytrium sp.
SHG104
Aurantiochytrium sp.
MAN65 and MAN70

Astaxanthin
Astaxanthin monoesters, Astaxanthin
diesters, Astaxanthin free, and
Echinenone
Echinenone, Lutein, Astaxanthin
monoesters, and Astaxanthin diesters.
Canthaxanthin, β-carotene, Astaxanthin,
Echinenone
Astaxanthin
β-carotene, Canthaxanthin, Lycopene,
Astaxanthin
β-carotene, Astaxanthin, Canthaxanthin,
Phoenicoxanthin, and Echinenone
Astaxanthin, Canthaxanthin, Echinenone,
and β-carotene

* Likely Aurantiochytrium spp.
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Armenta et al. (2006)
Burja et al. (2006)
Fan et al. (2009)
Quilodran et al. (2010)
Atienza et al. (2012)
Atienza et al. (2012)
Gupta et al. (2013)
Singh et al. (2015)
Jiang et al. (2020)
Zhang et al. (2017)
Park et al. (2018)
Nham Tran et al.
(2020)

The sustained production of large carbon molecules (e.g., carotenoids) may be
metabolically costly. Growth and lipid yield data from 25 Aurantiochytrium spp. strains isolated
from the tropical mangroves of Hong Kong revealed that nonpigmented strains (n=13) produced
both statistically greater biomass and polyunsaturated fatty acid content than pigmented strains
(n=12), although pigmented strains were found to contain more saturated fatty acids (Fan et al.,
2009). According to the hypothesis of carotenoid function proposed by Aki et al. (2003) and
contrary to the findings of Fan et al. (2009), I would expect pigmented strains to have a
relatively greater PUFA content (as they are protected by carotenoids) than unpigmented
strains. Additionally, I would expect saturated fatty acids, which are less vulnerable to oxidation
because there is no double bond, to be greater in nonpigmented cells which was not observed
by Fan et al. (2009). It is important to note that the differences in fatty acid content may reflect
alternative physiological conditions unrelated to carotenoid production. Currently, no other
comparisons of growth and lipid content between pigmented and nonpigmented strains exist in
the literature.
Enzymatic antioxidative systems in Aurantiochytrium limacinum ATCC MYA-1381
The key enzymes scavenging ROS in the enzymatic antioxidant systems include
superoxide dismutase (SOD), catalase, glutathione peroxidase, and ascorbate peroxidase
(Foyer et al., 1994). The oxidative stress state in the cell depends directly on the rate of ROS
production and on the activity of the enzymes involved in the oxidative stress response. SOD,
catalase, and glutathione peroxidase work together in the detoxification of ROS. SOD converts
two superoxide anions into a molecule of hydrogen peroxide and oxygen (Equation 1.1).
Catalase then converts the hydrogen peroxide to water and molecular oxygen (Equation 1.2),
or glutathione peroxidase converts hydrogen peroxide and other organic peroxides to alcohols.

Equation 1.1, Equation 1.2. Chemical reactions depicting the activities of antioxidative
enzymes (Eq. 1.) SOD and (Eq. 2.) catalase (Held, 2015).

Aurantiochytrium limacinum ATCC MYA-1381 is a pigmented thraustochytrid strain
isolated from seawater in the Micronesian mangroves. The full genome was sequenced by the
Department of Energy’s Joint Genome Institute in collaboration with Jackie L. Collier using the
454-sequencing platform and assembled with Newbler. The fully annotated genome is publicly
available through JGI’s genome portal (https://mycocosm.jgi.doe.gov/Aurli1/). Genomic
annotations for SOD, catalase, glutathione peroxidase, and ascorbate peroxidase reveal 12
proteins likely involved in the oxidative stress response of Aurantiochytrium limacinum ATCC
MYA-1381 (Table 1.2).
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Table 1.2 Oxidative stress response gene annotations and corresponding KOG/EC/PF/IPR and
Protein IDs in Aurantiochytrium limacinum ATCC MYA-1381.
Enzyme

Gene Annotation
Cu2+/Zn2+ superoxide dismutase
SOD1

Superoxide
Dismutase
Manganese superoxide dismutase

Superoxide dismutase Ni-type

Catalase

Catalase

Glutathione
Peroxidase

Glutathione peroxidase

Ascorbate Peroxidase

L-ascorbate peroxidase

KOG/ EC/
PF/ IPR
KOG0441
EC:1.15.1.1
PF00080
IPR001424
KOG0876
EC:1.15.1.1
PF02777
PF00081
IPR001189
IPR014123
KOG0047
EC:1.11.1.6
PF00199
IPR011614
IPR002226
KOG1651
EC:1.11.1.9
PF00255
IPR012336
IPR000889
EC:1.11.1.11
PF00141
IPR002016
IPR002207
IPR010255

Protein ID
42009
112282
114188

45451
78387
42405
44205
138555

44753
47702
129437

45684

Summary
Although Stramenopiles are considered one of the CASH lineages (Cryptophytes,
Alveolates, Strameonopiles, Haptophytes) thought to share a plastid derived from a red alga
(i.e., the Chromalveolate Hypothesis), other hypotheses (i.e., eukaryote-eukaryote
endomsymbiosis or Rhodoplex hypothesis) postulate that the original red alga spread laterally
amongst the CASH lineages (i.e., Serial Endosymbiosis). The difference in the hypothesized
endosymbiosis events of eukaryotes results in varying ancestral states of the
labyrinthulomycetes, which are a basal heterotrophic stramenopilian lineage that do not contain
a plastid. Either the labyrinthulomycetes are red lineage descendants (Chromalveolate
Hypothesis) or they are ancestors of the tertiary (quaternary, etc.) endosymbiotic event
occurring in the evolution of the Stramenopiles (Serial Endosymbiosis).
Although heterotrophic, several labyrinthulomycetes produce carotenoids. Previous
phylogenetic analyses of carotenoid biosynthesis protein sequences indicate that carotenoid
biosynthesis, at least among bacteria, may have been subject to extensive horizontal gene
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transfer (HGT) (Klassen, 2010). It was recently discovered that the evolution of sterols in
eukaryotes was likely introduced from bacteria via HGT (Santana-Molina, 2020). Carotenoids,
sterols, and hopanoids, all stem from isoprenoid biosynthesis and share homologous proteins:
phytoene synthase, squalene synthase, HpnCDE, respectively, that catalyze the first committed
step in their biosynthesis. Preceding the origin of squalene synthase is the origin of the HpnCDE
pathway (hopanoids), which is a close derivative of the carotenoid pathway (Santana-Molina et
al., 2020). How did an ancient pathway such as carotenoid biosynthesis, which is primarily
found in oxygenic phototrophs through association with endosymbiotic acquisition of plastidassociated genes (Coesel, et al., 2008), and that has multiple pathway and functional
derivatives (i.e., HpnCDE, sterols), evolve in the thraustochytrids? And what is the selective
advantage carotenoid biosynthesis provides Aurantiochytrium limacinum ATCC MYA-1381?
1.2

Questions and Objectives

To address the question of the evolution and functional advantage of carotenoid
biosynthesis in Aurantiochytrium limacinum ATCC MYA-1381, the objectives of this dissertation
were to:
1) Determine the evolutionary origins of the carotenoid biosynthetic components found
in Aurantiochytrium limacinum.
2) Develop a transformation system that enables genetic manipulation in
Aurantiochytrium limacinum ATCC MYA-1381.
3) Inactivate carotenoid biosynthesis in Aurantiochytrium limacinum ATCC MYA-1381.
4) Evaluate the growth of wildtype and knockout strains in oxidative stress conditions.
Discovering the evolutionary origins of carotenoid biosynthesis and the physiological
functions of carotenoids in the thraustochytrid Aurantiochytrium limacinum ATCC MYA-1381 will
contribute to the current understanding of the diversity of functions carotenoids have in
heterotrophic eukaryotes as well as the ecological role Aurantiochytrium limacinum ATCC MYA1381 plays in its native environment.
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Chapter 2:

2.1

A distinct origin of eukaryotic carotenoid production in a diverse
group of heterotrophic protists

Abstract

Carotenoid production is a well-known biosynthetic pathway found in all photosynthetic
and some heterotrophic bacteria, archaea, and eukaryotes. Specifically in heterotrophic surface
ocean microbes, biosynthesis of retinal - the oxidative cleavage product of β-carotene - has
become increasingly linked with proteorhodopsin-mediated photoheterotrophy. One intriguing
group of non-photosynthetic carotenoid producers are the thraustochytrids (phylum:
Labyrinthulomycetes). Several thraustochytrid strains have been identified as carotenogenic
and more recently, the carotenoid biosynthesis of thraustochytrids has been identified as a
trifunctional fused gene, crtIBY, capable of β-carotene biosynthesis from geranylgeranyl
pyrophosphate. Here the evolutionary origins of crtIBY relative to the other carotenogenic
eukaryotes, bacteria, and archaea are explored. The most similar protein domains are present
in a small but diverse group of other protists, including the apusomonad Thecamonas trahens
and the dinoflagellates Oxyrrhis marina and Noctiluca scintillans. Two β-carotene 15-15'
dioxygenase protein families are found within this cluster (Blh and RPE65) suggesting a
possible association between retinal biosynthesis and proteorhodopsins. These findings support
carotenoid biosynthesis in this cluster originating from the Actinobacteria, Bacteroidetes,
Archaea phylogenetic lineage, more specifically the Halobacteria (Archaea) as the likely source
of horizontal gene transfer into these lineages: this being the first example of eukaryotic
carotenoid biosynthesis with these origins.
2.2

Introduction

A key function of carotenoids is their ability to quench free radicals, thereby acting as
antioxidants (Gammone et al., 2015) and as precursors of apocarotenoids like retinal used as
the chromophore for opsin proteins. Carotenoids are universally present in photoautotrophs
(Hirschberg et al., 1997) and are also found in some non-photosynthetic bacteria, archaea, and
a small number of eukaryotes (Sandmann, 2002). Production of β-carotene (C40) from two
geranylgeranyl pyrophosphate (GGPP; C20) molecules minimally requires the activity of three
enzymes: phytoene synthase (CrtB), phytoene desaturase (CrtI), and lycopene cyclase (CrtY or
CrtYc/CrtYd) (Figure 2.1). Alternative enzymes for β-carotene synthesis from GGPP, which are
specific to organisms with photosynthetic capacity and/or ancestry, include several isomerases
involved in the conversion from phytoene to lycopene (Table 2.1).
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Figure 2.1 Hopanoid, sterol, and carotenoid biosynthesis all originate from isoprenoid
biosynthesis. CrtM is involved in C30 carotenoid production and shares homology with HpnCDE
(hopanoids), squalene synthase (sterols), and phytoene synthase (carotenoids). β-carotene
biosynthesis is accomplished by different combinations of enzymes (phytoene desaturase and
lycopene cyclase) in different taxa (Table 2.1). β-carotene is cleaved by β-carotene
dioxygenase (BCD) to produce retinal.
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Table 2.1 Orthologous domains in non-photosynthetic and photosynthetic carotenoid
biosynthesis genes (expanded from Sandmann, 2001). Domains that are orthologous are
colored similarly; multidomain fusions are indicated by concatenated letters (e.g., crtIBY is a
fusion of crtI, crtB, and crtYc/d).
Non-photosynthetic

Phytoene
synthase
Phytoene
desaturase
Zeta-carotene
desaturase

Bacteria &
Archaea

Fungi

crtB

crtYB

crtI

crtI

Photosynthetic
Cyanobacteria

Plants/
algae

crtB

crtB

PSY

crtP

crtP

PDS

crtQb

ZDS

crtH

Z-ISO,
CrtISO

crtL-b

LCY-b

A.
Anabaena
limacinum
crtIBY

crtIBY
crtQa

Isomerization
Lycopene
cyclization
(β ring)

crtY

crtYc/
crtYd

crtYB

crtIBY

crtL-b

Previous work in the thraustochytrid Aurantiochytrium sp. strain KH105 revealed a fused,
trifunctional carotenogenic gene (crtIBY) that by itself confers the ability to produce β-carotene
when introduced in yeast (Iwasaka et al., 2018). crtIBY is also found in other thraustochytrids,
including Aurantiochytrium sp. FCC1311 and T66, Schizochytrium sp. CCTCC M209059,
Thraustochytrium sp. ATCC 26185 (Iwasaka et al., 2018), and Aurantiochytrium limacinum
ATCC MYA-1381 (henceforth A. limacinum; shown here). Thraustochytrids are the only known
heterotrophic carotenogenic stramenopiles, although a distantly related crown lineage of
photosynthetic stramenopiles produce carotenoids. The relationship between the carotenoid
biosynthetic pathways of the thraustochytrids, a basal branching heterotrophic stramenopilian
lineage, and other carotenoid producing eukaryotes remains unexplored.
To elucidate the relationship between thraustochytrid crtIBY genes and other carotenoid
biosynthesis genes, I investigated the phylogenetics of six carotenoid biosynthesis domains,
including the three domains in crtIBY, two β-carotene cleavage genes (which produce the
apocarotenoid retinal), and an additional lycopene cyclase domain (CrtY/ CrtL).
2.3

Methods
Phylogenetic database construction

A database of 36,866,870 predicted proteins representing 4,351 unique species from
117 phyla (Supplemental Table 2.1) was constructed using the UniProt Reference Proteome
(RP) at the 35% co-membership threshold including 4,295 Representative Proteome Groups
(RPGs) (Chen et al., 2011) in addition to all taxonomically identifiable transcriptomes of the
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Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP) (Keeling et al., 2014)
that were processed through WinstonCleaner (https://github.com/kolecko007/WinstonCleaner).
The database also included proteins inferred from the annotated and assembled genomes of
Aurantiochytrium limacinum ATCC MYA-1381, Schizochytrium aggregatum ATCC 28209, and
Aplanochytrium kerguelense PBS07 from the U.S. Department of Energy’s Joint Genome
Institute (JGI), all PFAM PF00494 Aurantiochytrium sp. KH105 proteome hits from the Okinawa
Institute of Science and Technology Marine Genomics Unit genome browser, all of UniProt's
annotated Hondaea fermentalgiana proteins, and the annotated proteins of the breviate Lenisia
limosa and associated mutualistic epibionts (Hamann et al., 2016).
Phylogenetic analyses
The corresponding protein families of crtIBY domains were identified by the National
Center for Biotechnology Information (NCBI) Conserved Domain Database (CDD). The
associated hidden Markov models (HMM) (Supplemental Table 2.2) were used in conjunction
with HMMER's (3.3; hmmer.org/) hmmsearch to extract conserved domains from our custom
database. Resulting amino acid sequences were assigned and parsed according to orthologous
groups (OGs) by OrthoMCL (Supplemental Table 2.3) (Chen et al., 2006) and R version 3.4.4
(R Core Team, 2017).
Sequences longer or shorter than one standard deviation from the median length within
each orthologous group were removed. In some cases, hmmer detected overlapping or split
domains and returned multiple hits; these cases were addressed by replacing these entries with
a single entry aligned with hmmalign (--trim). Phylogenetic trees were made using FastTree
version 2.1.9 SSE3 (Price et al., 2010) and dereplicated at a desired taxonomic level using a
custom script (available https://github.com/marianarius/carot). The R (version 3.4.4) (R Core
Team, 2017) script uses the original hmmsearch output and phytools 0.6-44 (Revell, 2012) to
identify and drop sisters that are the same taxa at a given taxonomic level, retaining the one
with the higher bit score. The remaining sequences were again aligned (hmmalign) and a new
phylogeny (FastTree) was made and dereplicated (the second dereplication was omitted in
crtYc/d and blh phylogenies due to a relatively reduced number of sequences). Sequences from
the second dereplication (or first for crtYc/d and blh) were aligned using the global sequence
aligner MAFFT (Katoh and Stanley, 2004) and positions where 90% of sequences contained a
gap were removed (alternate alignments were evaluated: Supplemental Material 2.1).
Maximum likelihood (ML) trees were inferred using IQ-TREE v. 1.6.6 (Nguyen et al. 2015). The
best fitting model (Yang, 1995; Soubrier et al., 2012) was selected following the Akaike
information criterion and the Bayesian information criterion for each phylogeny (Supplemental
Table 2.2). The Shimodaira–Hasegawa approximate likelihood ratio test (SH-aLRT) and
ultrafast bootstrap were calculated from 1000 replicates. Phylogenies were visualized using
ggtree (Yu, 2017) in R (version 4.0.2) (R Core Team, 2017).
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2.4

Results

BLAST was used to perform a preliminary search for related genes that also have the
fused crtIBY domain architecture. In addition to other thraustochytrids and, from a distinct
eukaryotic lineage, Thecamonas trahens (Apusomonadidae) was found to contain a fused gene
with carotenoid biosynthesis domains arranged in the order of crtIBY. Surprisingly, these
analyses revealed a fourth (C-terminal) domain (not found in thraustochytrids) in the
homologous gene of Thecamonas trahens pertaining to a β-carotene 15-15’ dioxygenase (blh)
protein family involved in the oxidative cleavage of β-carotene to form the apocarotenoid retinal.
This unexpectedly disjunct distribution of crtIBY was further investigated through phylogenetic
analyses of the three domains in crtIBY as well as the blh domain independently.
Phylogenies of CrtB, CrtI, CrtYc/d, and Blh reveal SAHNTO cluster
CrtB/ CrtM/ HpnD
Phytoene synthase (CrtB) catalyzes the first committed step of C40 carotenoid
biosynthesis: the head-to-head condensation of two GGPP molecules to produce phytoene. The
related CrtM and HpnD catalyze the analogous condensation of two farnesyl pyrophosphate
(FPP; C15) molecules in the synthesis of C30 carotenoids or of hopanoid lipids, respectively.
My model-based selection and global alignment of CrtB/ CrtM/ HpnD domains included
1247 sequences containing 304 aa positions. The resulting phylogeny (Figure 2.2) included
four major lineages (consistent with Klassen, 2010): (I) Proteobacteria and fungi (91.3/99), (II)
Firmicutes (99.2/100), (III) Actinobacteria, Bacteroidetes, and Archaea (hereinafter referred to
as ABA) (98.9/90), and (IV) photosynthetic eukaryotes and Cyanobacteria (97.7/100).
The phylogeny also revealed that most phototrophs, including the ochrophytes
(photosynthetic stramenopiles), cluster in a single well-supported group (97.7/100) with
cyanobacteria. The two exceptions were (1) a strongly supported (100/100) group of
dinoflagellates (Supplemental Table 2.3) grouping as sister to the Firmicutes and
Proteobacteria/ Fungi branch (93.9/85) and (2) a strongly supported (100/100) group of
cryptophytes (Supplemental Table 2.3) grouping with strong support (91.6/99) within the
Proteobacteria/ Fungi lineage.
The origin of the non-photosynthetic eukaryotic domains is of primary interest.
Remarkably, two non-photosynthetic dinoflagellates, Oxyrrhis marina and Noctiluca scintillans,
grouped with the thraustochytrids (Bigyra, Labyrinthulomycetes, genera: Schizochytrium,
Aurantiochytrium, Hondaea) and Thecamonas trahens (Apusomonadidae) with very strong
support (100/100). This group, collectively referred to as SAHNTO, is strongly supported
(91.9/100) grouping with actinobacteria and more broadly within the ABA lineage. It is important
to note that the members of SAHNTO are distantly related, representing stramenopiles,
alveolates, and apusomonads, thus making their strongly supported clustering unexpected.
Basal clades of proteobacteria, actinobacteria, planctomycetes, and other bacteria that
did not group within the four lineages described above represent a paralogous protein (HpnD)
involved in hopanoid biosynthesis and are not involved in carotenoid biosynthesis.
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Figure 2.2 Maximum likelihood tree of CrtB/ CrtM/ HpnD domains aligned with MAFFT and
retaining positions where less than 90% of sequences were gaps. Values indicate SH-aLRT and
ultrafast bootstrap from 1000 replicates in IQTREE using model LG+F+R10. SAHNTO
represents a cluster of thraustochytrids: A. limacinum, S. aggregatum, H. fermentalgiana, two
dinoflagellates: N. scintillans, O. marina, and an apusomonad: T. trahens. The indicated
cryptophyte clade includes Guillardia theta, Hanusia phi, Geminigera cryophila, Proteomonas
sulcata, Chroomonas mesostigmatica, Rhodomonas sp. CCMP768. For a complete tree
including taxa and node support see Supplemental Figure 2.1.

CrtI/ CrtH/ Z-ISO/ CRISTO
CrtI is involved in the desaturation of phytoene into lycopene. The function of CrtI in
fungi and non-photosynthetic bacteria is both desaturation and isomerization. In phototrophic
eukaryotes, CrtI-related proteins, Z-ISO and CRISTO, isomerize zeta-carotene (the phytoene
desaturation intermediate) to form lycopene in the proper configuration for cyclization
(Sandmann, 2009). Cyanobacteria have a similar CrtI-related isomerase: CrtH.
My model-based selection and global alignment of CrtI/ CrtH/ Z-ISO/ CRISTO domains
included 812 sequences containing 538 aa positions. In the resulting phylogeny (Figure 2.3)
most phototrophic eukaryotes (including ochrophytes) were found in a single group (88.3/100).
This excludes a strongly supported (100/100) cluster of Cryptophytes (Supplemental Table
2.3) that grouped within the strongly supported (86.1/97) ABA lineage.
The origin of the non-photosynthetic eukaryotic CrtI domains is of primary interest. Once
again, a strongly supported (100/100) SAHNTO cluster was nested within the ABA lineage.
Fungal CrtI grouped strongly (98.8/100) with the photosynthetic eukaryotes, in contrast
to the CrtB/ CrtM/ HpnD result where fungi grouped strongly with proteobacteria. Cyanobacterial
CrtI grouped within the proteobacterial clade, in contrast to the CrtB/ CrtM/ HpnD result where
cyanobacteria grouped strongly with the phototrophic eukaryotes.
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Figure 2.3 Maximum likelihood tree of CrtI/ CrtH/ Z-ISO/ CRISTO domains aligned with MAFFT
and retaining positions where less than 90% of sequences were gaps. Values indicate SH-aLRT
and ultrafast bootstrap from 1000 replicates in IQTREE using model WAG+F+R10. SAHNTO
represents a cluster of thraustochytrids: A. limacinum, S. aggregatum, H. fermentalgiana, two
dinoflagellates: N. scintillans, O. marina, and an apusomonad: T. trahens. For a complete tree
including taxa and node support see Supplemental Figure 2.2.

CrtYc/d
Lycopene cyclase converts the linear lycopene molecule into the first cyclic carotenoid:
β-carotene. Several independent evolutionary origins of lycopene cyclase include CrtY/ CrtL,
CruP/ CruA/ CruB, and CrtYc/d, a heterodimeric protein.
My model-based selection and global alignment of CrtYc/d domains included 238
sequences containing 294 aa positions. ABA made up the most prominent lineage within
identified CrtYc/d domains; relatively few representatives were found among phototrophic
eukaryotes, proteobacteria, and Firmicutes.
In the resulting phylogeny of CrtYc/d domains (Figure 2.4) the prominent phototrophic
clusters included a strongly supported (100/100) cluster of Haptophytes and a group of
Cryptophytes (99.3/100) (Supplemental Table 2.3).
Once again, a SAHNTO cluster was strongly supported (99.6/99). Here, the cluster was
missing Hondaea fermentalgiana (a result of genomic misannotation; Supplemental Material
2.2) as well as Oxyrrhis marina, which was not found to contain a CrtYc/d domain. Two copies
of CrtYc/d from Noctiluca scintillans were found in the cluster. The CrtYc/d SAHNTO cluster
grouped nearby other diverse eukaryotes including several fungi and arthropods, and amoebas,
and a strongly supported (99.7/100) cluster of Halobacteria (Archaea).
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Figure 2.4 Maximum likelihood tree of CrtYc/d domains aligned with MAFFT and retaining
positions where less than 90% of sequences were gaps. Values indicate SH-aLRT and ultrafast
bootstrap from 1000 replicates in IQTREE using model VT+F+R6. SAHNTO represents a
cluster of thraustochytrids: A. limacinum, S. aggregatum, two sequences from the dinoflagellate:
N. scintillans, and an apusomonad: T. trahens. For a complete tree including taxa and node
support see Supplemental Figure 2.3.

Blh (β-carotene 15-15’ dioxygenase)
I included the Blh domain (β-carotene 15,15'-dioxygenase; PF15416) in these analyses
after identifying it as the fourth (C-terminal) domain in Thecamonas trahens. The Blh domain is
involved in the oxidative cleavage of β-carotene to produce the apocarotenoid retinal. My
model-based selection and global alignment of Blh domains included 95 sequences containing
358 aa positions. The alignment included sequences from several eukaryotic phototrophs,
including cryptophytes (Pyrenomonadales/ Geminigeraceae) Guillardia theta and Hanusia phi,
dinoflagellates (Peridiniales/Heterocapsaceae:) Heterocapsa_arctica and
(Prorocentrales/Prorocentraceae) Prorocentrum minimum), and a streptophyte
(Klebsormidiophyceae: Klebsormidium nitens). Other eukaryotes with Blh domains included a
small number of fungi, an arthropod (Lepidoptera: Eumeta japonica), and an amoebozoa
(Phylum: Evosea). Among SAHNTO taxa Blh domains were only identified in Oxyrrhis marina
(Dinophyceae) and Thecamonas trahens (Apusomonadidae).
The resulting phylogeny of Blh domains (Figure 2.5) again revealed that these two
divergent SAHNTO taxa grouped together with strong support (98.4/100).
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Figure 2.5 Maximum likelihood tree of Blh domains aligned with MAFFT and retaining positions
where less than 90% of sequences were gaps. Values indicate SH-aLRT and ultrafast bootstrap
from 1000 replicates in IQTREE using model LG+F+R7. SAHNTO represents a cluster of a
dinoflagellate: O. marina and an apusomonad: T. trahens. For a complete tree including taxa
and node support see Supplemental Figure 2.4.

A second β-carotene 15-15’ dioxygenase protein family (RPE65) does not form a
SAHNTO cluster
An alternative β-carotene 15,15'-dioxygenase to Blh is RPE65 (PF03055). This protein
family is also involved in the oxidative cleavage of β-carotene to produce retinal. Following
similar steps to those outlined for the other domains, 734 homologs were identified (alignment
length: 690 positions), including many from across metazoa. Several phyla contained RPE65
homologs that did not contain any of the other domains, including the metazoans: Rotifera,
Cnidaria, Echinodermata, Brachiopoda, Annelida, Platyhelminthes, Mollusca, and Nematoda;
three non-photosynthetic protists: Palpitomonas, Oomycetes, Choanoflagellata; two fungal
phyla: Cryptomycota, Zoopagomycota; and one bacterial phylum: Chlamydiae.
The resulting RPE65 phylogeny (Supplemental Figure 2.5) included a dinoflagellate
clade (98.5/96), a fungal clade (98.7/99), a metazoan clade (96.8/81), a diverse bacteria and
archaea clade (84.6/98), and a clade of mixed and repeated taxa (100/100). No ABA lineage
was identified in this phylogeny.
Although all SAHNTO members (excluding T. trahens) contained at least one copy of
RPE65, they did not cluster together. Noctiluca scintillans and one of the four Oxyrrhis marina
RPE65 were found in the predominantly dinoflagellate clade. The thraustochytrids contained
two copies of RPE65. One thraustochytrid RPE65 grouped strongly (95.3/100) within the
metazoan clade and the second grouped strongly (100/100) with a haptophyte (Emiliania
huxleyi), a cryptophyte (Geminigera cryophila), and an ochrophyte (Dictyocha speculum). This
second clade also contained two other labyrinthulomycetes: Aplanochytrium stocchinoi and
Thraustochytrium sp. LLF1b.
Oxyrrhis marina uses CrtY lycopene cyclase
CrtY/ CrtL/ LCY-b is a lycopene cyclase. Homologs were identified in many phototrophic
eukaryotes, as well as in some bacteria. A phylogeny of these CrtY homologs revealed a wellsupported group of phototrophic eukaryotes (95.8/93) (Figure 2.6). The bacteria fell into wellsupported groups of actinobacteria (97.7/100), cyanobacteria (99.2/100), and proteobacteria
(99.4/100). Oxyrrhis marina, the only representative of SAHNTO with a CrtY homolog, grouped
as sister to the branch containing the phototrophs and actinobacteria/ cyanobacteria clades.
Oxyrrhis marina was also the only member of SAHNTO lacking the CrtYc/d-type lycopene
cyclase.
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Figure 2.6 Maximum likelihood tree of CrtY/ CrtL/ LCY-b domains aligned with MAFFT and
retaining positions where less than 90% of sequences were gaps. Values indicate SH-aLRT and
ultrafast bootstrap from 1000 replicates in IQTREE using model WAG+F+R9. For a complete
tree including taxa and node support see Supplemental Figure 2.6.

Diverse organization of carotenoid biosynthesis and β-carotene cleavage genes in
SAHNTO
The gene organization of crtB, crtI, crtYc/d, crtY, and blh, varied across SAHNTO
(Figure 2.7). The thraustochytrids A. limacinum and S. aggregatum consistently contained a
trifunctionally fused crtIBY gene, encoding all three necessary domains for biosynthesis of βcarotene from GGPP, in the order (N-terminus to C-terminus): phytoene desaturase (crtI),
phytoene synthase (crtB), lycopene cyclase (crtYc/d). Although the homolog search suggested
that H. fermentalgiana contains a bifunctional gene (crtI, crtB), further investigation revealed a
genomic misannotation of the ORF in A0A2R5GF32 and a trifunctional gene in H.
fermentalgiana (Supplemental Material 2.2). T. trahens contained a quadrifunctional fused
gene with the domains necessary for biosynthesis of retinal from GGPP organized similarly to
thraustochytrids: crtI, crtB, crtYc/d, but unlike the thraustochytrids, additionally containing blh (βcarotene 15-15’ dioxygenase) at the C-terminus.
The alveolates of SAHNTO, N. scintillans and O. marina exhibited distinct carotenoid
gene organization. N. scintillans, unlike the thraustochytrids and T. trahens, has crtB and crtI
encoded in separate genes, and both are structured as bifunctional gene fusions with crtYc/d
resulting in two bifunctional carotenoid gene fusions, crtIYc/d and crtBYc/d, and two distinct
copies of the heterodimeric-type lycopene cyclase (crtYc/d). Contrastingly, no gene fusions
were found in the carotenoid biosynthesis genes of O. marina (crtB, crtI, blh, crtY). In all
members of SAHNTO, except T. trahens, β-carotene oxygenases (blh, rpe65) were encoded as
independent genes. The relative similarity of the degree of completeness in N. scintillans and in
O. marina transcriptomes (81.2% and 79.5% BUSCO, respectively, see Supplemental Material
2.3) is consistent with the idea that these absent genes may be true negatives.
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Figure 2.7 Diagrams of gene structure (N- to C-terminus) and NCBI Conserved Domain (CDD)
organization of crtB, crtI, crtYc/d, and blh in (A) Schizochytrium aggregatum (Schag101501), (B)
Aurantiochytrium limacinum (Aurli_150841), (C) Hondaea fermentalgiana (re-annotated
A0A2R5GF32; see Supplemental Material 2.2), (D) Thecamonas trahens (XP_013761525.1),
(E) Noctiluca scintillans (CAMPEP0194550082 and CAMPEP0194488352, respectively), and
(F) Oxyrrhis marina (CAMPEP0205054184, CAMPEP0204966166, CAMPEP0205060456, and
CAMPEP0204311066, respectively). Protein length included for reference.

2.5

Discussion
SAHNTO carotenoid biosynthesis likely originated from the ABA phylogenetic lineage

Across the carotenoid biosynthesis phylogenies (crtB, crtI, crtYc/d, blh) SAHNTO
consistently groups with members of a previously identified phylogenetic lineage of
Actinobacteria, Bacteroidetes, and Archaea (ABA lineage) (Klassen, 2010). In the CrtB and CrtI
phylogenies, where multiple lineages are present (ABA, proteobacterial, photosynthetic, and
firmicutes) SAHNTO is strongly supported as grouping within the ABA lineage. ABA is the most
prominent lineage in the CrtYc/d and Blh phylogenies, and these domains, although present in
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SAHNTO, are otherwise rare or absent in other eukaryotic lineages, consistent with an ABA
origin of CrtYc/d and Blh in SAHNTO.
Novel eukaryotic carotenoid biosynthesis origins: ABA lineage
The consistent and strongly supported grouping of SAHNTO within the ABA lineage is
evidence of a previously unidentified origin of eukaryotic carotenoid biosynthesis. Until now,
eukaryotic phytoene synthase was thought to originate solely from two lineages: (1) in
photosynthetic eukaryotes from cyanobacteria and (2) in fungi from proteobacteria. Here, I
indicate a third origin of eukaryotic phytoene synthase (3) in SAHNTO from the Actinobacteria,
Bacteroidetes, and Archaea (ABA) lineage.
Similarly, eukaryotic phytoene desaturase (crtI) was thought to have one common origin
for photosynthetic eukaryotes and fungi (likely from proteobacteria) and here I demonstrate
another origin of eukaryotic phytoene desaturase (CrtI) in SAHNTO from the ABA lineage. The
observation that the dominant lineage of heterodimeric-type lycopene cyclase domains
(CrtYc/d) is the ABA lineage supports its origin there. I also observed CrtYc/d in several
eukaryotic lineages, including fungi, SAHNTO, a group of cryptophytes, and a group of
haptophytes. The origins of eukaryotic β-carotene 15-15' dioxygenase (blh) are less apparent, a
result of the low prevalence of blh across eukaryotes (found in only seven eukaryotic taxa:
Fungi, Amoebozoa, Apusomonadidae, Dinophyceae, Cryptophyta, Archaeplastida, and
Arthropoda), and generally only one sequence is found within each eukaryotic taxa (exceptions
include Cryptophyta = 2, Fungi = 4, and Dinophyceae = 3). The likely origin of the blh domain of
these eukaryotes is either proteobacterial or ABA. Overall, the prevalence of SAHNTO taxa
clustering together in the phylogenies of each of the domains responsible for carotenoid
biosynthesis indicates a previously unforeseen origin of eukaryotic carotenoid biosynthesis: the
ABA lineage.
crtB, crtI, crtYc/d, blh inheritance hypotheses in SAHNTO by HGT
Both CrtB and CrtI from Halobacteria (Euryarchaeota) and SAHNTO are nested within
the ABA lineage. Interestingly archaeal CrtYc/d is polyphyletic. One archaeal CrtYc/d cluster
groups in an ABA clade with other bacteroidetes and actinobacteria CrtYc/d, and a second
archaeal cluster (Euryarchaeota) groups outside the 'ABA' clade and instead with the fungi,
cryptophytes, haptophytes, and SAHNTO. Blh is a protein family with very low relative
prevalence across taxa, yet Blh is found in both Halobacteria and SAHNTO.
Acquisition of carotenoid biosynthesis by HGT from Halobacteria is observed in a
halotolerant marine bacteroidetes: Salinibacter ruber (Mongodin et al., 2005), which is found
cohabiting extreme saltern crystallizer ponds all over the world (Antón et al., 2008) with
Halobacteria. The current phylogenies strongly support the Halobacterial origins of S. ruber CrtI
and Blh. An additional example of HGT of carotenoid biosynthesis is observed in the
arthropods, which acquired carotenogenesis from fungi (Moran and Jarvik, 2010; Grbić et al.,
2011; Altincicek et al., 2012; Novakova and Moran, 2012; Cobbs et al., 2013; Bryon et al.,
2017). This hypothesis is also supported in the current phylogenies where several arthropods
are strongly supported grouping within the fungi branch in the CrtB, CrtI, and CrtYc/d
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phylogenies. The intercalated organization of the distantly related taxa (Bacteroidetes in
Halobacteria and Arthropoda in Fungi) create a compelling argument for HGT.
Carotenoid domains within SAHNTO clearly and consistently cluster with each other,
and all SAHNTO carotenoid domains group with ABA. Yet, HGT is not exhibited as clearly in
these domains as in S. ruber from Halobacteria or in arthropods from Fungi. SAHNTO CrtB
groups within an actinobacterial branch, while SAHNTO CrtI groups within a bacteroidetes
branch, and SAHNTO CrtYc/d and Blh do not reveal obvious ancestry. This less explicit
indication of SAHNTO carotenoid biosynthesis inheritance does not exclude the possibility of
HGT, rather, it invokes the involvement of multiple steps leading to the present-day distribution
of carotenoid biosynthesis genes in SAHNTO. One possible scenario is explained below.
Although SAHNTO lineages are taxonomically diverse, they share some ecological and
physiological similarities. It is worth noting that N. scintillans, O. marina, and T. trahens are
phagotrophic (Harrison et al., 2011; Larsen and Patterson, 1990; respectively) and found in
tropical and coastal waters (Harrison et al., 2011; Watts et al., 2011; Larsen and Patterson,
1990; respectively). Kleptoplasts have also been identified in Noctiluca (Waller and Koreny,
2017, and references therein). A. limacinum (Honda, et al., 1998), S. aggregatum (Booth and
Miller, 1969), H. fermentalgiana (Dellero et al., 2018) are fungus-like osmoheterotrophs also
found in coastal and tropical waters yet are thought to have a phagotrophic ancestry
(Raghukumar, 2002).
SAHNTO carotenoid biosynthesis pathways may have been acquired simultaneously or
consecutively from a common origin. One hypothesis is acquisition via a single ancestral
horizontal gene transfer event - likely from Euryarchaeota (Halobacteria) - into the common
ancestor of the alveolates and stramenopiles. This pathway would have been lost in the ciliates
and apicomplexans. I hypothesize that in O. marina crtY (crtL) replaced crtYc/d with plastid
acquisition. Additionally, rpe65 may have replaced blh in the thraustochytrids and in N.
scintillans. Interestingly, for T. trahens to have acquired this pathway via phagotrophy, ingestion
of at least two cell types (thraustochytrids or N. scintillans and O. marina) would be required to
obtain all its present-day components of retinal biosynthesis genes (crtB, crtI, crtYc/d, blh).
Another thought-provoking observation is the rampant distribution of cryptophyte clades
scattered across the phylogenies (CrtB, CrtI, CrtYc/d, Blh) (Supplemental Table 2.4). The
prevalence of this pathway across members of the red lineage (CASH) begs the question
whether retinal biosynthesis was acquired with endosymbiosis events in the red lineage (1.1.1.2
Stramenopilian ancestry), either as nuclear-localized plastidial remnants (Chromalveolate
Hypothesis) or via a tertiary (or quaternary, etc.) endosymbiotic event (Serial Endosymbiosis
Hypothesis).
Rhodopsin and carotenoid biosynthesis gene linkage
Alternatively, carotenoid biosynthesis inheritance may be linked with the transfer of
proteorhodopsin genes. Retinal, the product of β-carotene oxidative cleavage by Blh or RPE65,
is a chromophore of opsin proteins. Rhodopsins have been estimated to be carried in 15% to
70% of heterotrophic bacterial cells in surface waters (Rusch et al., 2007; Campbell et al., 2008;
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Riedel et al., 2010; Olson et al., 2018) or in 30% to 60% of bacterial genomes from
environmental clones (McCarren and Delong, 2007; Finkel et al., 2013; Martinez-Garcia et al.,
2012), possibly accounting for a significant energy source previously unrecognized:
photoheterotrophy. Retinal-based photosystems have evolved to perform various biological
functions including proton pumping, ion pumping, light sensing and gene regulation, phototaxis,
and vision (Pinhassi et al., 2016) and simply require two components: the opsin apoprotein itself
and its chromophore retinal (McCarren and Delong, 2007). While it is suggested that this simple
and metabolically inexpensive mechanism of supplementing the proton motive force may be
particularly important during carbon limitation (Delong and Beja, 2010), only recently was it
established that the energy generated using proton-pumping proteorhodopsins is sufficient to
sustain basic bacterial metabolism (Gomez-Consarnau et al., 2019).
The combination of the selective advantage of rhodopsin-mediated photoheterotrophy and
gene linkage of rhodopsin and retinal biosynthesis genes may be a driving force in the
distribution of heterotrophic carotenoid biosynthesis genes. McCarren and Delong (2007) found
approximately one-third of the proteorhodopsin-containing genome fragments also contain a
linked set of retinal biosynthesis genes (crtB, crtI, crtYc/d, blh). Salmovits et al. (2011)
concludes that dinoflagellates acquired proteorhodopsins through at least two independent HGT
events from bacteria. One O. marina clade groups exclusively with Halobacteria, Cryptophytes
(and other red algae), and fungi and may represent an additional HGT event. The clustering of
O. marina, Halobacteria, and Cryptophyte type I rhodopsins is supported elsewhere (Pinhassi et
al., 2016) and includes Thecamonas trahens rhodopsins. This phylogenetic clustering suggests
that these organisms share a conserved rhodopsin, which may, through gene linkage, also
support HGT of a conserved retinal biosynthetic pathway.
Also worth noting is the large number of rhodopsin genes, over 50 and 40, respectively, in
the cryptophyte Guillardia theta genome and O. marina transcriptome (Slamovits et al., 2011).
The high abundance of rhodopsin genes may indicate the importance of rhodopsin-mediated
activity and explain the prevalence of diverse and numerous crtB, crtI, crtYc/d, and blh domains
in Guillardia theta. For CrtB and CrtI, the domains in Guillardia theta group outside the
phototrophic clade (i.e., with Proteobacteria and with ABA, respectively). Additionally, S. ruber
xanthorhodopsin, a specific class of rhodopsins (Balashov et al., 2005), shares sequence
similarity with O. marina (Pinhassi et al., 2016) which may support the hypothesis of
Haloarchaeal origin of rhodopsins as well as the carotenoid biosynthesis genes.
Giant virus-mediated HGT
The circulation and integration of retinal biosynthesis and proteorhodopsin proteins may
have been facilitated by giant viruses. Two Mimiviridae lineage giant viruses: ChoanoV1 and
ChoanoV2, that infect Choanoflagellates, contain a gene cluster (from N-terminus to Cterminus) of β-carotene 15-15' dioxygenase (Blh), phytoene synthase (CrtB), phytoene
desaturase (CrtI), and lycopene cyclase (CrtY) (Needham et al., 2019). Phylogenetic analyses
of the retinal biosynthetic pathway in the ChoanoViruses indicated varying evolutionary origins
for each gene, and therefore an unclear genetic source. The phytoene synthase (CrtB)
phylogeny revealed ChoanoViruses domains grouping within a clade containing Archaea,
34

Actinobacteria, Bacteroidetes, and Terrabacteria, although only moderately well supported
(ultrafast bootstrap support = 80-90%).
In addition to the β-carotene biosynthesis and cleavage gene cluster in ChoanoViruses,
are three type-1 rhodopsins. The implications of having both the entire chromophore (retinal)
biosynthesis pathway and the opsin encoding gene itself make possible rhodopsin-based
photoheterotrophy enabling host–virus interactions and the potential for transient mutualism.
Virally-mediated HGT (viral sequence integration) has been broadly documented across
plants (Chu et al., 2018 and references therein), invertebrates (Gilbert et al., 2016), bacteria
(Malik et al., 2017), and protists (Schulz et al., 2020). The presence of retinal biosynthesis
genes (crtB, crtI, crtY, blh) in ChoanoViruses supports the possibility of giant viruses as a
source of carotenoid biosynthesis HGT across heterotrophic marine eukaryotes.
Alternative crtB, crtI, crtYc/d, blh inheritance hypotheses in SAHNTO
An alternative to multiple HGT events of retinal biosynthesis into SAHNTO phyla would
be acquisition through inheritance. This is possible if an ancestor to all SAHNTO phyla (i.e., the
last universal common ancestor of eukaryotes) had a crtB, crtI, crtYc/d, blh retinal biosynthetic
gene cluster that then underwent fusion and fission events, as well as loss in several lineages.
An additional hypothesis combines both ancestry (i.e., inheritance in the Stramenopiles and
Alveolates) and HGT (in T. trahens).
Regardless of the mode of inheritance, the strongly supported clustering of these genes
(crtB, crtI, crtYc/d, blh) from diverse eukaryotic lineages (Dinophyceae, Thraustochytrids,
Apusomonadidae) and within ABA (lineage branch or dominating phylogeny) indicates an origin
of carotenoid biosynthesis (ABA) that what was previously found solely in prokaryotes. The
diversity in the carotenoid pathway gene organization amongst these diverse heterotrophic
protists also suggests that gene organization may exhibit a species-specific integration
response. These findings support the first documentation of eukaryotic carotenoid biosynthesis
origins from the phylogenetic lineage of Actinobacteria, Bacteroidetes and Archaea and novel
carotenoid producing heterotrophic eukaryotes (Noctiluca scintillans, Oxyrrhis marina, and
Thecamonas trahens).
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Chapter 3:

3.1

Genetic tool development in Aurantiochytrium limacinum ATCC
MYA-13811

Abstract

The introduction of genetic material into the cell is a critical junction in the development
of a model organism. Establishing an organism-specific transformation system entails
standardizing growth conditions, identifying reliable selectable markers and promoter-terminator
systems that enable their expression, as well as determining the means by which DNA can be
introduced into the cell. Several transformation systems have been established in
thraustochytrids, and here, I adapt these systems to create transgenic A. limacinum cells that
express zeocin resistance (ShBle) and fluorescence (yeGFP and mCherry). Through the
expansion of genetic tools in marine microbial organisms, previously unanswerable questions
can be addressed, contributing to a broader understanding of the activities of microbes and their
functions in marine ecosystems.
3.2

Introduction

Marine eukaryotes represent the vast majority of eukaryotic diversity and play important
roles in driving marine biogeochemical cycles and in supporting marine food webs. Our direct
knowledge of most marine eukaryotes is limited to extrapolations based on the few well-studied
model eukaryotes and functional inferences based on similarities in protein sequences. Model
organisms are taxa that can be studied through genetic manipulation, enabling a controlled
approach to answering experimental questions (Waller et al., 2018). They are generally easy
and inexpensive to culture in the laboratory, have fast generation times that facilitate genetic
analysis, and can be readily manipulated (Matthews and Vosshal, 2020). In the ‘ten steps’ to
developing a new model system, the development and use of genetic tools is required for steps
4 through 10 (Matthews and Vosshal, 2020):
1. Choose an interesting and/or important organism
2. Assemble its genome and profile its gene expression
3. Learn how to grow/ culture and work with the organism in the lab
4. Develop a method to introduce genetic material into the organism
5. Make transgenic organisms
6. Knock-down and knock-out genes
7. Develop precise mutagenesis for tagged mutants, gene replacements
8. Develop binary effector systems
9. Generate effectors of interest (label, image and manipulate cells)
10. Grow a field with interesting questions using your new model organism
1

Faktorová, D., et al. (2020). Genetic tool development in marine protists: emerging model
organisms for experimental cell biology, Nature Methods, 17(5), 481-494.
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Particularly in the realm of marine microbial ecology, few model systems are available
(Faktorová et al., 2020). Even with the growth in access to powerful tools, such as microscopy
and sequencing technologies, advancements in the development of experimental model
systems and, ultimately, our potential in understanding the oceans, are bottlenecked at the lack
of essential genetic tools. This limited access to genetic tools stunts the range of questions that
can be asked regarding an organism’s physiology, biochemistry, and ecology, providing a
limited understanding of the broader ecological role and contribution of the organism in its
environment. Unlike sequencing and microscopy tools which are more broadly universal in their
applications, genetic tool development varies greatly across taxa. Differences among organisms
in cell structure and morphology as well as intrinsic genomic features often require the
development of species-specific genetic tools.
Thraustochytrids are promising model organisms in that some are easy and fast to grow
and have sequenced genomes and transcriptomes. Additionally, a gap in the understanding of
the ecological roles, biochemistry, and physiology make thraustochytrids a relevant model
system. Xie et al. (2017) proposed that the thraustochytrid terpenoid biosynthesis (which shares
two pathways to synthesize fatty acid) could be resolved through the development of genetic
tools. Beyond elucidating the putative mechanism of terpenoid biosynthesis in thraustochytrids,
the development of genetic tools would enable researchers worldwide to answer questions
regarding organelles and physiology unique to thraustochytrids (Chapter 1) by genetic
manipulation.
In developing a transformation system, where genetic material is effectively introduced
into the cell and expressed by the cell, several components are necessary. These include: (1)
standardized laboratory growth conditions, (2) an effective transformant selection system, and
(3) a method to physically introduce foreign DNA into the cell. Each component is described
below and specificities to previous transformation approaches in thraustochytrids are provided.
Standardized laboratory growth conditions
Standardized growth conditions will reduce variability in cell physiology, thus enabling
consistency across experiments and transformation approaches. Parameters to consider in
creating standardized growth conditions include nutrient availability, agitation, light exposure,
and temperature, among others. Additionally, it is important to identify culture conditions that
generate consistent cell types and cell densities or sufficient biomass for subsequent molecular
manipulations.
An effective transformant selection system
A transformant selection system is used to separate transformed cells from nontransformed cells. Common approaches include creating an auxotroph or introducing an
antibiotic resistance gene or fluorophore. A candidate antibiotic resistance gene will depend on
the target organism’s response to the antibiotic. Antibiotic resistance genes will be effective
selectable markers for strains in which otherwise the antibiotic would be lethal or severely inhibit
growth. Resulting transformants will grow differently relative to the wildtype strain, having either
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stunted or delayed growth in the absence of a nutrient (auxotrophy), having substantial growth
in the presence of an antibiotic, or exhibiting fluorescence. The difference between cell types,
wildtype cells (untransformed) from transformant cells, enables isolation of the transformants.
In Aurantiochytrium spp. and related thraustochytrids the antibiotics zeocin, hygromycin B,
chloramphenicol, G418, cycloheximide, and blasticidin were found to inhibit growth (Table 3.1).
Antibiotics work via varying inhibitory mechanisms which target protein synthesis
(aminoglycosides) or cause DNA breaks (bleomycins/ phleomycins). Growth inhibition by
multiple antibiotics enables multiple selectable markers to be used at one time on a single
strain.
Table 3.1 Antibiotics, respective antibiotic resistance genes, and effective antibiotic
concentrations used for selection in successful transformations of Aurantiochytrium sp. and
related thraustochytrids.
Strain
Schizochytrium
ATCC 20888
Schizochytrium
sp. TIO01
Schizochytrium sp
CB15-5
Aurantiochytrium
sp. strains MP4
and SK4
A. limacinum
OUC88
A. limacinum
mh0186
T. aureum ATCC
34304
Schizochytrium
sp. 204-06 m
Parietichytrium sp.
TA04Bb
Aurantiochytrium
sp. KRS101

Antibiotic

Antib.
Res. Gene

Effective
Concentration

Zeocin

Sh ble

150-200 μg/ml

Zeocin
G418

Sh ble
nptII

100 μg/ml
300 μg/mL

Roessler et al. 2006,
Lippmeier et al. 2009
Cheng et al. 2011
Cheng et al. 2012

Zeocin

Sh ble

100 μg/ml

Ono et al. 2011

Zeocin

Sh ble

50 μg/ml

Suen et al. 2014

Zeocin
Chloramphenicol

Sh ble
Cmr

5 mg/L
100 mg/L

G418

neor

0.5 mg/ml

G418

neor

2 mg/ml

Hygromycin B

hygr

2 mg/ml

Blasticidin

blar

0.2 mg/ml

Sun et al. 2015
Sun et al. 2015
Kobayashi et al. 2011,
Matsuda et al. 2011,
Sakaguchi et al. 2012
Sakaguchi et al. 2012
Sakaguchi et al. 2012,
Matsuda et al. 2012
Matsuda et al. 2012

G418

neor

2 mg/ml

Sakaguchi et al. 2012

G418

neor

2 mg/ml

Sakaguchi et al. 2012

Cycloheximide

CYHP56Q

0–50 μg/mL

Hong et al. 2013

Reference

An additional critical element in creating an effective transformant selection system is the
expression of the introduced gene by the transformant cell. This entails identifying a promoterterminator system to drive the expression of the antibiotic resistance gene. The promoterterminator regions and the antibiotic resistance gene are referred to as the antibiotic resistance
cassette. In successful transformation events across Aurantiochytrium spp. and related
thraustochytrids both endogenous and exogenous promoter-terminator systems were found to
be effective in driving antibiotic resistance expression (Table 3.2).
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Table 3.2. Promoter-terminator systems used in successful transformation events in
Aurantiochytrium sp. and related thraustochytrid strains. EF1-a: elongation factor 1-alpha; TEF:
translation elongation factor EF-1 alpha; CYC1: cytochrome c; GAPDH: Glyceraldhyde-3
phosphate dehydrogenase; PGK: phosphoglycerate kinase.
Strain
Schizochytrium
ATCC 20888
Schizochytrium sp.
TIO01
A. limacinum
mh0186
Thraustochytrium
aureum ATCC
34304
A. limacinum
mh0186
Thraustochytrium
aureum ATCC
34304
Parietichytrium sp.
TA04Bb
Schizochytrium sp.
204-06 m
Aurantiochytrium
sp. KRS101
A. limacinum
mh0186
Schizochytrium sp.
CB15-5
Aurantiochytrium
sp. strains MP4
and SK4
A. limacinum
OUC88

Promoter

Terminator

Reference
Roessler et al. 2006,
Lippmeier et al. 2009
Cheng et al. 2011,
Cheng et al. 2012

Endogenous a-tubulin

SV40 (Simian virus)

TEF1 from
Saccharomyces cerevisiae
EF1-a from T. aureum
ATCC 34304
Ubiquitin from T. aureum
ATCC 34304

CYC1 from
Saccharomyces cerevisiae
EF1-a from T. aureum
ATCC 34304
Ubiquitin from T. aureum
ATCC 34304

Endogenous ubiquitin

SV40 (Simian virus)

EF1-a from T. aureum
ATCC 34304
Ubiquitin from T. aureum
ATCC 34304
EF1-a from T. aureum
ATCC 34304
Ubiquitin from T. aureum
ATCC 34304
Ubiquitin from T. aureum
ATCC 34304
Ubiquitin from T. aureum
ATCC 34304
GAPDH from Hansenula
polymorpha
EF1-a from T. aureum
ATCC 34304
Ubiquitin from T. aureum
ATCC 34304
Endogenous actin,
GAPDH, Ef1-a

EF1-a from T. aureum
ATCC 34304
Ubiquitin from T. aureum
ATCC 34304
EF1-a from T. aureum
ATCC 34304
Ubiquitin from T. aureum
ATCC 34304
Ubiquitin from T. aureum
ATCC 34304
Ubiquitin from T. aureum
ATCC 34304
Alcohol oxidase from H.
polymorpha
EF1-a from T. aureum
ATCC 34304
Ubiquitin from T. aureum
ATCC 34304
Endogenous actin,
GAPDH, Ef1-a

Aurantiochytrium sp. SK4
tubulin

SV40 (Simian virus)

Suen et al. 2014

PGK from Saccharomyces
cerevisiae

CYC1 from
Saccharomyces cerevisiae

Sun et al. 2015

Matsuda et al. 2011

Matsuda et al. 2012

Sakaguchi et al. 2012

Sakaguchi et al. 2012

Sakaguchi et al. 2012
Sakaguchi et al. 2012
Hong et al. 2013

Kobayashi et al. 2011

Ono et al. 2011

For designing an effective transformant selection system, an additional factor to consider
is that the genetic material introduced to the cell may exhibit transient or stable expression
dependent on whether the DNA integrated or not into the genome of the cell. The integration of
genetic material into the genome can occur through several mechanisms (Figure 3.1). In
Aurantiochytrium spp. and thraustochytrid relatives, a common target site for genomic
integration of antibiotic resistance or fluorescence genes is the 18S rRNA (Cheng et al., 2011,
Sakaguchi et al., 2012, Hong et al., 2013, Ono et al., 2011, Suen et al., 2014, Sun et al., 2015).
Targeted integration by single homologous recombination (SHR) is favored by incorporating a
fragment of the target gene in the transformation plasmid. Sakaguchi et al. (2012) designed
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plasmids to target SHR and double homologous recombination (DHR) and found that
homologous recombination (both SHR and DHR) occurred only when the plasmid was
linearized. Using a plasmid with a single region of homology, only 10% of resulting
transformants had integrated the plasmid by SHR relative to 20% of transformants having
integrated a plasmid with two regions of homology (flanking the antibiotic resistance cassette)
by DHR (Sakaguchi et al., 2012).

Figure 3.1 Diagrams of the various events by which genetic material may integrate into the
genome (Kamisugi et al., 2006). (A) Double homologous recombination (HR/HR; DHR) in which
the N- and C- terminus ends of a fragment are recognized and recombined into the genome.
‘Sel’ represents selectable fragment that in HR/HR (DHR) replaces the ‘b’ fragment of the
genome resulting in targeted gene replacement. (B) Single HR (SHR) and non-homologous end
joining (NHEJ) occur when one end of a fragment (either the N- or C-terminus) is recognized
and recombined into the genome. (C) Concatenation of multiple copies of a fragment and
subsequent integration by double HR (HR/HR; DHR). (D) Circularization of a fragment and
integration into the genome by SHR.
A method to physically introduce foreign DNA into the cell
An additional component in creating a transformation system is physically introducing
the foreign DNA (cassette) into the cell. In Aurantiochytrium spp., multiple transformation
approaches have been successful for introducing foreign genetic material, including particlebombardment (Roessler et al., 2006, Lippmeier et al., 2009, Matsuda et al., 2012, Sakaguchi et
al., 2012), electroporation (Cheng et al., 2011, Matsuda et al., 2011, Sakaguchi et al., 2012,
Hong et al., 2013, Kobayashi et al., 2011, Ono et al., 2011, Suen et al., 2014, Sun et al., 2015),
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glass bead-based transformation (Adachi et al., 2017), and Agrobacterium tumefaciensmediated transformation (Cheng et al., 2012).
Particle bombardment, electroporation, and other means have been effective in
introducing antibiotic resistance genes and other markers such as enhanced green fluorescent
protein (EGFP; Sakaguchi et al., 2012, Sun et al., 2015, Cheng et al., 2012) in Aurantiochytrium
sp. and thraustochytrid relatives. Additionally, these transformation strategies have been
implemented in targeted gene disruption (inactivation) by directed homologous recombination in
the PUFA synthase gene, PFA1, of Schizochytrium ATCC 20888 (Lippmeier et al., 2009), as
well as the TauΔ5des (Sakaguchi et al., 2012), and the TauΔ12des (Matsuda et al., 2012)
genes of Thraustochytrium aureum ATCC 34304. The development of successful
Aurantiochytrium sp. transformation systems has also enabled the introduction and expression
of exogenous metabolic genes such as the delta-12-fatty acid desaturase gene from the marine
alga, Pinguiochrysis pyriformis in Aurantiochytrium limacinum mh0186 (Matsuda et al., 2011),
the fatty acid Δ5 desaturase gene (TauΔ5des) from Thraustochytrium aureum ATCC 34304 in
Aurantiochytrium limacinum mh0186 (Kobayashi et al., 2011), and the hemoglobin gene (VHb)
from Vitreoscilla stercoraria in Aurantiochytrium sp. MP4 and SK4 (Suen et al., 2014).
Chapter objectives
The objectives of this chapter were to develop genetic tools specific to Aurantiochytrium
limacinum ATCC MYA-1381 (henceforth referred to as A. limacinum). The growth curve and
effects of nutrient availability on growth and intrinsic antibiotic resistance were evaluated.
Additionally, successful transformation systems in related thraustochytrids (Aurantiochytrium sp.
TIO01 and Schizochytrium sp. CB15-5) were adapted and assessed in A. limacinum and
expanded to express yEGFP and mCherry fluorescence reporter genes.
3.3

Methods
Establishing A. limacinum nutrient growth conditions

A colony of A. limacinum from ½ 790 By+ (Appendix 7.1.1) plate (2% agar) was
inoculated into 790 By+ (Appendix 7.1.2) liquid media and grown overnight at 28°C and 56 rpm
in a rotating drum (Brunswick Scientific Edison, NJ). Stock solutions of 1% (10 g/L) glucose (US
Biological Salem, MA) solution and 1% yeast extract (US Biological Salem, MA) + 1% peptone
(US Biological Salem, MA) were made in 1.8% (18 g/L) Instant Ocean (Instant Ocean
Blacksburg, VA) and were filter sterilized (using Stericup Quick Release; Millipore, Burlington,
MA) or autoclaved, respectively. A 96-well plate (Corning Corning, NY) was loaded with varying
volumes of each solution and ½ artificial seawater (½ ASW; 1.8% instant ocean; Appendix
7.1.3) resulting in an increasing glucose gradient horizontally across the plate (columns 1-12: 0,
0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0 g/L glucose) and an increasing peptone and
yeast extract gradient vertically down the plate (rows A-H: 0, 0.05, 0.1, 0.2, 0.3, 0.5, 0.8, 1.0 g/L
peptone and yeast extract). To each well 10 µl of centrifuged, washed (in ½ ASW), and
resuspended A. limacinum cells were added (150 µl total well volume). Optical density was
measured at 600 nm (OD600) in 16 points per well with 5 flashes at each point and for five
subsequent time points (up to 165 h) using the Infinite 200 PRO plate reader (Tecan,
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Männedorf, Switzerland). Initial optical density was < 0.1. Multiple reads per well were used to
minimize the effects of cell clumping on optical density reads. The plate was maintained at 1300
rpm (DTS-4, ATR Biotech, Laurel, MD), 30°C for 165 h.
The raw data (mean absorbance of 16 reads per well at 6 timepoints) were modeled and
graphed using growthcurver 0.3.0 (Sprouffske, 2018) in R 3.6.0. The growth data of each well
was independently fitted to the logistic equation (Equation 2.1) to generate a growth curve.

Equation 2.1. Logistic equation describes Nt at time t using the carrying capacity (K), initial
population size (N0), and the intrinsic growth rate (r).
Wells in which no growth was observed (i.e., the difference between the maximum and
minimum OD values < 0.01) were not modeled and were removed from subsequent analyses in
growthcurver (A1 to A12, C1, C12). The additional parameter, sigma, the residual sum of
squares from the nonlinear regression model, was also provided by growthcurver and the
distribution was plotted to evaluate goodness of fit of the logistic model across the data. Sigma
values for all modeled data were < 0.08 and no skew or apparent distribution was observed in
plotting sigma (Supplemental Figure 3.1A), indicating that the logistic models fit the data.
Additional parameters provided by growthcurver (defined in Supplemental Table 3.1) include
the area under the curve of the logistical model as well as of the provided data (empirical area
under the curve), the time to reach half the carrying capacity (t,1/2 K) and doubling time. A
principal component analysis (PCA) was generated using dplyr 0.8.5 (Wickham et al., 2020b)
and ggplot2 3.3.0 (Wickham et al., 2020a) to identify skewed or digressive model fits. The PCA
did not reveal clustering or outliers, supporting the fit of the logistical models to the data and the
use of the growth parameters from the fitted models for further analyses (Supplemental Figure
3.1B). Additionally, outliers for each parameter independently were detected using Tukey’s rule
(Tukey, 1977) and removed from the corresponding plot. The modeled intrinsic growth rates (r)
of B2, B3, B4, B11, C3, C4, D1, H3, and H5 were identified as outliers, removed and
subsequently B5, B6, C2, C7, D9, F1, G6, G7, G8, H4, H6, and H7 were as well.
Evaluation of antibiotic sensitivity in A. limacinum
Antibiotic sensitivity in 96-well plates
Similar to the experimental design of the nutrient growth experiments, 96-well plates
and optical density was used to determine antibiotic resistance in A. limacinum. A streak of A.
limacinum from a 790 By+ agar plate was inoculated into 5 ml 790 By+ liquid media and
cultured overnight at 28°C at 171 rpm. For antibiotics stored as powder, antibiotic stock
solutions were made and filter sterilized. Cells (10 µl) were inoculated into wells of a 96-well
plate containing 790 By+ media (150 µl total volume, starting OD < 0.1) with and without
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antibiotics (Table 3.3). The plate was maintained at 1300 rpm, 30°C. Optical density was
measured as single readings per well (OD600) as a proxy for biomass for 60 h.
Table 3.3 Antibiotics and respective concentrations used in the antibiotic sensitivity experiments
with A. limacinum.
Antibiotic

Concentration

Ampicillin

500 µg/ml

Carbenicillin

500 µg/ml

Penicillin

500 µg/ml

Kanamycin B

100 µg/ml

Hygromycin B

800 µg/ml

Tetracycline

100 µg/ml

Spectinomycin

100 µg/ml

Streptomycin

500 µg/ml

Doxycycline

100 µg/ml

Kasugamycin

100 µg/ml

Nourseothricin

100 µg/ml

Bekanamycin

500 µg/ml

The raw data were modeled and graphed using growthcurver 0.3.0 (Sprouffske, 2018) in
R 3.6.0. Although each antibiotic was evaluated in triplicate, each well was independently fitted
to the logistic equation (Equation 3.1) to generate a growth curve. Wells in which no growth
was observed (i.e., the difference between the maximum and minimum OD values < 0.1) were
not modeled and were removed from subsequent analyses in growthcurver.
Antibiotic sensitivity on agar plates
Additionally, A. limacinum growth was evaluated on 790 By+ agar plates containing
either 10, 50, 100 μg/ml of nourseothricin, tetracycline, or neomycin. A streak of A. limacinum
from a 790 By+ agar plate was inoculated into 20 ml 790 By+ liquid media and cultured
overnight at 28°C, 171 rpm. At 24, 48, and 72 h, 100 µl of culture (to test increasing cell density
each day) was spread onto each of the 9 antibiotic plates and onto one 790 By+ plate
containing no antibiotics.
Antibiotic sensitivity at multiple concentrations in 96-well plates
For G418 and zeocin, multiple concentrations of the antibiotics were evaluated. A streak
of A. limacinum from a 790 By+ agar plate was inoculated into 5 ml of GPY (Appendix 7.1.5)
media and cultured at 28°C and 171 rpm overnight. Wells containing GPY media and 0, 50,
100, 200, or 500 μg/ml zeocin were inoculated with 10 μl A. limacinum cells. Cells were also
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inoculated into wells containing GPY media and 0, 200, 500, 1000, or 2000 μg/ml G418. The
96-well plates were maintained at 1300 rpm, 28°C for 75 h, and OD600 was measured at least
twice daily.
The mean of triplicate wells was standardized by subtracting the mean of triplicate media
wells and plotted using R 3.6.0. Wells where the difference in growth between the max and min
OD was > 0.1 were fitted to growthcurver. Statistical significance of max yield (K) was
determined using ANOVA and post-hoc Tukey’s test in R 3.6.0.
Development of A. limacinum genetic tools
My initial efforts in developing genetic tools for A. limacinum combined approaches from
various reported transformation systems including Cheng et al. (2011, 2012) in Schizochytrium
sp. (Aurantiochytrium) TIO01 and Matsuda et al. (2011), Sakaguchi et al. (2012), and Kobayashi
et al. (2011) in A. limacinum mh0186, which are strongly supported in clustering with A.
limacinum in an 18S rRNA phylogeny (Figure 3.2). This transformation approach explored the
use of nourseothricin resistance gene, nat1.
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Figure 3.2. Labyrinthulomycete 18S rRNA maximum likelihood tree (IQTREE; TIM3+F+R4).
Nodes with a filled circle indicate ≥ 95% ultrafast bootstrap of 1000 iterations. Arrows indicate
species in which successful transformation systems have been developed. A. limacinum is
denoted by a star. Blue and purple arrows indicate the species in which transformation systems
were adapted in the first and second attempts. Ultrafast bootstrap values and SH-like
approximate likelihood ratio test values (Guindon et al., 2010) are indicated in Supplemental
Figure 3.2.

Adapting successful Aurantiochytrium sp. transformation systems to A. limacinum
Previous transformation approaches in Aurantiochytrium limacinum mh0186 (Kobayashi
et al., 2011; Matsuda et al., 2011; Sakaguchi et al. 2012) used exogenous ubiquitin and
elongation factor 1α (ef1a) promoter and terminator systems from the distantly related
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thraustochytrid (different 18S rRNA cluster) Thraustochytrium aureum ATCC 34304. Previous
successful transformations in Schizochytrium sp. TIO01 (Chen et al., 2011; Chen et al., 2012)
also used an exogenous promoter and terminator system: TEF1 promoter from Saccharomyces
cerevisiae and CYC1 terminator from S. cerevisiae. The degenerate primers Sakaguchi et al.
(2012) used to identify ubiquitin and ef1a open reading frames (ORF) in Thraustochytrium
aureum ATCC 34304 were used to identify ubiquitin and ef1a gene homologs in A. limacinum.
The promoter and terminator regions of the ubiquitin and ef1a gene homologs were scanned for
sequences resembling the amplification primers provided by Sakaguchi et al. (2012). These
primers were adapted for fusion PCR with nat1 (Table 3.4). The nat1 (nourseothricin resistance
gene) coding sequence (567 bp) was amplified from pAG25 (gift from John McCusker; Addgene
35121; Goldstein and McCusker, 1999). Corresponding overhanging regions were added to the
reverse primer of the promoter, both amplification primers of nat1, and the forward primer of the
terminator. The ef1a promoter and terminator were 510 bp and 1038 bp, respectively, yielding a
cassette (Ep-Nat1-Et) of 2115 bp. The ubiquitin promoter and terminator were 424 bp and 972
bp, respectively, yielding a cassette (Up-Nat1-Ut) of 1963 bp. Internal nat1 primers were also
designed for transformant verification by PCR amplification.
Table 3.4. Primers used in the amplification of ef1a and ubiquitin promoter and terminator
regions and nat1 with overhanging ubiquitin (ubi) and ef1a fragments.
Primer

Dir.

Efap

FWD

Efap-nat1

RVS

Nat1-Efap

FWD

Amplification
ef1a promoter (with
3’ nat1 overhang)

Sequence (5' to 3')
AGGTGACCACCGACGACTAC
AAGAGTGGTACCCATCTTCGTCTTGCCCATTTTGT

Nat1-Efat

nat1 (with ef1a
ACAAAATGGGCAAGACGAAGATGGGTACCACTCTT
promoter and
RVS terminator overhang) TGTCACCCTTCTCAACCTCTTAGGGGCAGGGCAT

Efat-Nat1

FWD

Efat

RVS

Ubip

FWD

Ubip-nat1

RVS

Nat1-Ubip

FWD

Nat1-Ubit

ef1a terminator with
5’ nat1 overhang
ubi promoter (with 3’
nat1 overhang)

ATGCCCTGCCCCTAAGAGGTTGAGAAGGGTGACA
AAATCTCTCTGACGGCTCCC
TTATGCTGCTAAGACGCCCT
AAGAGTGGTACCCATAATCTGCATCTTGCAAAGA

TCTTTGCAAGATGCAGATTATGGGTACCACTCTT
nat1 (with ubi
promoter and
CCCGGTTTTGACATTGATTTAGTTTTAGGGGCAGGG
RVS terminator overhang)
CAT

Ubit-Nat1

FWD

Ubit

RVS

nat_int

FWD

nat_int

RVS

ubi terminator with 5’
nat1 overhang

ATGCCCTGCCCCTAAAACTAAATCAATGTCAAAACC
GGG
TGAACCACCTTCAACTCAGCGTGC

CCGACACCGTCTTCCGCGTC

internal portion of
nat1

TGGATCGCCGGTGCGTTGAC
46

Fusion PCR was effective in joining two fragments together and creating the full cassette
was achieved with the use of restriction enzymes and infusion cloning (ClonTech Mountain
View, CA) in a plasmid designed for conjugation of Phaeodactylum tricornutum (pPt-NAT-GFP2; unpublished plasmid from Tara Stuecker; Figure 3.3). The existing promoter driving the
nourseothricin resistance gene was replaced with PCR amplified ef1a promoter by double
digestion (XhoI and XbaI; New England Biolabs Ipswich, MA), dephosphorylation of the vector
(Antarctic Phosphatase New England Biolabs Ipswich, MA), phenol/chloroform DNA purification,
ligation (Roche Rapid DNA ligation kit; Roche Basel, Switzerland), and transformation in NEB 5alpha (New England Biolabs Ipswich, MA). Colonies that grew were screened by colony PCR by
inoculating 30 µl of molecular grade water using a toothpick dab of the colony and loading 2 µl
into a 25 µl PCR reaction using Taq DNA Polymerase with Standard Taq Buffer (New England
Biolabs Ipswich, MA) and ef1a promoter primers. Cryostocks of E. coli containing the plasmid of
interest were made by adding 500 µl of E. coli culture (LB media) to 500 µl 50% glycerol in a
labeled cryovial and placed in -80°C.

Figure 3.3. Plasmid map of pPt-NAT-GFP-2 (unpublished, Tara Stuecker). Restriction sites
XbaI and XhoI were used to replace the promoter. SphI and NcoI (not shown) were used to
replace the terminator.
A. limacinum cells were prepared for electroporation following the protoplast protocol of
Cheng et al. (2011) for Aurantiochytrium sp. TIO01 (Appendix 7.2.1). This involved several
rinses in distilled water, 25 mM dithiothreitol (DTT), and resuspension in 1 M sorbitol for
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electroporation. To assess survivorship, serial dilutions were plated on 790 By+ prior to and
following the protoplast prep. Plates were incubated at room temperature for 5 days and
colonies were counted. Cells were resuspended in 1 M sorbitol and 2-4 µg elongation factor
driven nourseothricin resistance gene (EFN) plasmid (circular or linearized at XbaI) (not shown)
were added to the cells and loaded into a 2 mm diameter cuvette. The Gene Pulser (Bio-Rad,
Hercules, CA) was used to electroporate the cells at 1000Ω, 0.45 - 1.8 kV, and 25-125 µF,
yielding a time constant (τ) between 5-20 ms. Following electroporation, cells were
resuspended in 1 ml 790 By+ medium and incubated between 1 – 24 h at 28°C, 250 rpm. Cells
were subsequently plated on selective media (100 µg/ml nourseothricin) with 100 µg/ml
ampicillin to inhibit bacterial growth (contamination) and grown at room temperature for 120 h.
Adaptation of Schizochytrium sp. CB15-5 transformation system in A. limacinum
Although named as two different genera, Schizochytrium sp. CB15-5 and A. limacinum
have very similar 18S rRNA sequences (Figure 3.2). Additionally, the similarity in the promoter
regions for the actin (98.9% identical) and GAPDH (99.3% identical) genes of Schizochytrium
sp. CB15-5 and A. limacinum also suggest close phylogenetic proximity (Supplemental
Figures 3.3 and 3.4). Ono et al. (2011) used a zeocin resistance gene (ShBle; BleoR) in the
successful transformation of Schizochytrium sp. CB15-5 as well as tested the efficacy of several
native promoters (i.e., actin, ef1a, and GAPDH) in driving ShBle expression and transformation
efficiency at two life stages (i.e., zoospore and vegetative cell). The close phylogenetic
relationship between Schizochytrium sp. CB15-5 and A. limacinum as well as the explicit and
detailed approach outlined by Ono et al. (2011) made the adaptation of this transformation
system to A. limacinum possible.
3.3.3.2.1 Transformation plasmid design and construction
A pUC-19-based transformation plasmid was constructed following the plasmid design
outlined by Ono et al. (2011) for Schizochytrium sp. CB15-5. An 18S rRNA gene fragment (1.7
kbp) was incorporated to function as a target for single homologous recombination (SHR).
Downstream of the 18S rRNA gene fragment is an A. limacinum-specific antibiotic resistance
cassette composed of a non-native bleomycin-resistance gene (375 bp BleoR; ShBle) from
Streptoalloteichus hindustanus driven by a 1.3 kbp promoter region and 1.0 kbp terminator
region (1352 bp upstream of ATG start site and 976 bp downstream of TAA stop codon,
respectively) of the endogenous glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene.
The SacII site located in the 18S rRNA region was used to linearize the transformation plasmid
for integration of the cassette by SHR into the genome of A. limacinum.
The native A. limacinum GAPDH (JGI Protein ID: 74731) promoter region (1352 bp) was
PCR amplified (Taq DNA Polymerase, New England Biolabs, Ipswich, MA) from extracted
genomic DNA (Appendix 7.2.2), whereas the non-native ShBle (BleoR) ORF was amplified
from pCY 3090-07 (Addgene Plasmid 36232; Young et al., 2012). Both PCR purified (QIAquick
PCR Purification Kit; QIAGEN, Hilden, Germany) fragments were inserted into SmaI- digested
(New England Biolabs, Ipswich, MA) pUC19 vector (New England Biolabs, Ipswich, MA) by InFusion Cloning (Clontech Mountain View, CA; primers listed in Table 3.5) and transformed into
48

NEB®5-alpha Competent E. coli (New England Biolabs Ipswich, MA) to generate pUC19-GZ
(not shown). The A. limacinum native GAPDH terminator region (976 bp) was PCR amplified
(Taq DNA Polymerase, New England Biolabs, Ipswich, MA), subcloned into double digested
(SalI and SphI; New England Biolabs, Ipswich, MA) pUC19-GZ by ligation (Roche, Basel,
Switzerland), and transformed into NEB®5-alpha Competent E. coli to produce pUC19-GZG
(not shown; Addgene Plasmid 117226). Subsequently, the 18S rRNA (GenBank: AB973564.1)
gene fragment was PCR amplified from A. limacinum genomic DNA with forward and reverse
primers containing KpnI restriction endonuclease sites and used in subcloning with KpnIdigested pUC19- GZG to produce pUC19-18GZG (Figure 3.4; Addgene Plasmid 117228;
Faktorová et al., 2020).
Table 3.5 Primers used in the construction of pUC19-18GZG. The restriction endonuclease
sites are underlined. The pUC19, ShBle, GAPDH promoter overhanging base pairs used for InFusion Cloning are indicated in italics. BleoR (ShBle) start (ATG) and stop (TGA) site in bold.
Primer

Dir.

Amplification

Sequence (5' to 3')

pGF

FWD

TCGAGCTCGGTACCCTTGATCTTGTGAGGGCTCCA

zGR

RVS

GAPDH promoter
(with pUC19 and
ShBle overhangs)

gZF

CAAGCAAAATGGCCAAGTTGACCAGTGCCGTT
FWD Zeocin (with GAPDH
promoter and
CTCTAGAGGATCCCCTCAGTCCTGCTCCTCGGCCA
RVS
pUC19 overhang)

pZR
salGF

FWD

sphGR

RVS

kpn18rF

FWD

kpn18rR

RVS

GAPDH terminator
with SalI
18S rRNA (with
KpnI)

TTGGCCATTTTGCTTGGTGTTTATGTGTGCGC

AGAGTCGACATGTACCCAATACCACACCG
CTTGCATGCCTTGAAGCACTAGAAGAGCA
CGGGGTACCCCAGTAGTCATATGCTCGTC
CGGGGGTACCCCTTGTTACGACTTCACCTT
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Figure 3.4 Plasmid map of pUC19-18GZG. The 18S rRNA is located upstream to the GZG
antibiotic resistance cassette. The SacII restriction endonuclease site in the 18S rRNA region is
used to linearize the plasmid for transformation in A. limacinum.
3.3.3.2.2 Electroporation Strategy
Electroporation was performed with uncut and (separately) with linearized plasmid
(pUC19_18GZG; Addgene Plasmid 117228) digested at the SacII site (SacII; New England
Biolabs Ipswich, MA) located within the 18S rRNA region and purified using the QIAquick PCR
Purification Kit (QIAGEN, Hilden, Germany).
The electroporation protocol outlined by Ono et al. (2011) for Schizochytrium sp. CB15-5
was adapted for A. limacinum (Appendix 7.2.3). Approximately 1 × 108 cells were prepared for
electroporation by undergoing several rinse and centrifugation steps using a saline solution and
a 50 mM sucrose solution. Following resuspension in 50 mM sucrose, 1 – 10 µg plasmid DNA
was added, and cells were transferred to a 2 mm diameter cuvette (Bio-Rad, Hercules, CA),
incubated for 10 min on ice, and electroporated using either the Bio-Rad Gene Pulser (Bio-Rad,
Hercules, CA) or NEPA21 (BulldogBio, Inc., Portsmouth, NH) (Table 3.6). Following
electroporation cells were grown in 1 ml GPYS (Appendix 7.1.6) media for 1 h under nonshaking conditions at 28°C and subsequently plated on GPYS (2% agar) with 100 µg/ml
ampicillin and 100 µg/ml zeocin. The cell preparation protocol was evaluated for survivorship by
plating on non-antibiotic media before and after the cell preparation protocol at three dilutions
(1:100, 1:1000, and 1:10000), and counting colonies after 72 h incubation at room temperature.
Varying electroporation conditions were also evaluated for survivorship by plating three dilutions
(1:1000, 1:10000, 1:100000) on non-antibiotic media and counting colonies after 72 h incubation
at room temperature. Additionally, varying transformation plasmid quantities (1 – 10 µg) were
evaluated for transformation efficiency. The initial number of putative transformant colonies was
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quantified (by counting) following 120 h incubation on zeocin GPYS (+Amp) plates at room
temperature. To evaluate stability of putative transformants, these colonies were transferred (by
streaking) onto a zeocin GPYS (+Amp) plate, incubated for an additional 120 h, and
subsequently quantified by counting.
Table 3.6 NEPA21 electroporation conditions used in the transformation of A. limacinum with
pUC19-18GZG.

Poring Pulse
Transfer Pulse

Volts
250
275
300
20

Length (ms)
4
8
12
50

Interval (ms)

Number of Pulses

Decay Rate (%)

Polarity

50

2

10

+

50

1

40

+/-

3.3.3.2.3 Transformant characterization
Six 18GZG transformants derived from uncut (U1) and linearized (L1, L2, L4, L6, L7)
pUC19-18GZG plasmids were further examined following 13 transfers, five on selective, and
five subsequently on non-selective solid media, and then three again on selective solid medium.
Genomic DNA was extracted from 50 ml 790 By+ 3-day cultures of the six 18GZG
transformants as well as replicate wildtype cultures as outlined in Lippmeier et al. (2009)
(Appendix 7.2.2). Extracted genomic DNA, Taq DNA Polymerase with Standard Taq Buffer
(New England Biolabs Ipswich, MA) and ShBle specific primers (shbleF and shbleR; Table 3.7)
were used in PCR amplification of ShBle. Additionally, to test for integration of 18GZG by single
homologous recombination (SHR), LongAmp® Taq DNA Polymerase (New England Biolabs
Ipswich, MA) was used for PCR amplification of the genomic ITS region, spanning from within
the native genome (therefore exterior to the transformation plasmid) and into the plasmid’s
ShBle gene (ITSF and shbleR; Table 3.7).
Table 3.7 Primers used in the amplification of ShBle and ITS region in 18GZG transformants.
Primer

Dir.

shbleF

FWD

Amplification

Sequence (5' to 3')
TCAGTCCTGCTCCTCGGCCA

Zeocin resistance gene
shbleR

RVS

ITSF

FWD

ATGGCCAAGTTGACCAGTGCCGTT
GZG integration into 18S rRNA

CGCAGGTTCACCTACGGAAA

Southern blotting was performed by separating 10 µg XhoI-digested (XhoI; New England
Biolabs Ipswich, MA) genomic DNA from five transformants (U1, L1, L2, L4, and L7) and two
wildtype cultures (W1, W2) on a 0.8% gel that was run at 40 V for 6 h. A DNA Molecular Weight
Marker II, DIG-labeled (Roche, Basel, Switzerland) was also loaded on the gel. The transfer of
DNA onto a positively charged nylon membrane (Roche, Basel, Switzerland), hybridization of a
digoxigenin-labeled ShBle gene probe synthesized via PCR (PCR DIG Probe Synthesis Kit;
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Roche, Basel, Switzerland), and probe detection were performed following manufacturer
recommendations.
Expansion of A. limacinum genetic tools
The transformation system previously established (3.3.3.2) was expanded to include the
expression of enhanced green fluorescent protein optimized for use in Saccharomyces
cerevisiae (yeGFP) fused to ShBle (BleoR) in the expression cassette 18GeZG (Figure 3.5).
Using a non-native promoter/terminator system creates the possibility of greater
versatility of the transformation system (i.e., use in other thraustochytrids) and reduces the
likelihood of integration at nontarget homologous sequence regions (i.e., endogenous promoter
or terminator regions). Cheng et al. (2011; 2012) used an exogenous TEF1 promoter from
Saccharomyces cerevisiae to successfully drive antibiotic resistance gene expression in the
close relative of A. limacinum, Schizochytrium sp. TIO01. Here, both a non-native
promoter/terminator system driving ShBle expression, yeast TEF, and an alternate fluorescent
protein, mCherry (RFP) were explored in A. limacinum.
Expression of yeGFP in A. limacinum
The transformation plasmid, pUC19-18GeZG (Addgene Plasmid 163038), was designed
and used to introduce a yeGFP::ShBle fusion gene into A. limacinum. This plasmid was
constructed by Yelena Altshuller at the Molecular Cloning Facility at Stony Brook University by
two phases of In-Fusion Cloning (Clontech Mountain View, CA) following the manufacturer’s
recommendations. The first phase included PCR amplified (all primers: Table 3.8)
yeGFP::ShBle fusion gene from pDN-G1GZmbh (gift from Gabor Balazsi; Addgene Plasmid
44516, Nevozhay et al., 2009), PCR amplified GAPDH terminator from 18GZG (Addgene
Plasmid 117228, Faktorová et al., 2020), and SphI-digested pUC19 (SphI, pUC19; New
England Biolabs, Ipswich, MA) plasmid backbone, resulting in an intermediate plasmid (pUC19eZG), used in Phase II. This pUC19-eZG plasmid was confirmed by PCR and sequencing (not
shown). The second phase of In-Fusion Cloning included PCR amplified yeGFP:ShBle:GAPDH
terminator (eZG) from pUC19-eZG (Phase I), PCR amplified 18S rRNA:GAPDH promoter from
18GZG (18G), and double digested pUC19 plasmid (XmaI, HindIII, pUC19; New England
Biolabs, Ipswich, MA). pUC19-18GeZG (Figure 3.5) plasmid was confirmed by PCR and
sequencing (not shown).
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PHASE II

PHASE I

Table 3.8 Primers used in the construction of pUC19-18GeZG. Dir = Direction, FWD = forward
primer, RVS = reverse primer.
Primer

Dir.

In-fusion

FWD

EGFPZeo_Gterm

RVS

EGFP-Zeo-G
term

FWD

In-fusion

RVS

18S-GpromEGFP

FWD

in-fusion HindIII

RVS

in-fusion18S
XmaI

FWD

EGFP-18SGprom

RVS

Amplification
yeGFP::ShBle
(5’ pUC19 and 3’ GAPDH
terminator overhangs)

GAPDH terminator
(5’ ShBle and 3’ pUC19
overhangs)

GAPDH terminator,
yeGFP:ShBle
(5’ GAPDH promoter and 3’
pUC19 and overhangs)

Sequence (5' to 3')
gagctcggtacccgggATGTCTAAAGGTGAAGAA
GTATTGGGTACATGTCGACTCAGTCCTGCT
CCTCGGCCAC
GCCGAGGAGCAGGACTgaGTCGACATGTA
CCCAATAC
TGATTACGCCAAGCTTGCATGCCTTGAAGC
ACTAG
CACATAAACACCAAGCAAAATGTCTAAAGG
TGAAGAA
CTAGTGCTTCAAGGCATGCaagcttggcgtaatca

gagctcggtacccgggCCCTTGTTACGACTTCAC
18S rRNA, GAPDH promoter
(5’ pUC19 and 3’ yeGFP
CACATAAACACCAAGCAAAATGTCTAAAGGT
overhangs)
GAAGAA

Figure 3.5 pUC19-18GeZG plasmid map. SacII restriction site was used for plasmid
linearization prior to electroporation.
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For electroporation, 1 μg of SacII-linearized (New England Biolabs, Ipswich, MA) and
PCR purified (QIAquick PCR Purification Kit; QIAGEN, Hilden, Germany) pUC19-18GeZG
plasmid was used following the transformation strategy previously adapted for A. limacinum
(Appendix 7.2.3). Electroporation was performed using the NEPA21 (BulldogBio, Inc.,
Portsmouth, NH) at 275 V for 8ms (Table 3.9).
Table 3.9 NEPA21 electroporation conditions used in the transformation of A. limacinum with
pUC19-18GeZG.
Poring Pulse
Transfer Pulse

Volts
275
20

Length (ms)
8
50

Interval (ms)
50
50

Number of Pulses
2
1

Decay Rate (%)
10
40

Polarity
+
+/-

Putative transformants were selected by growth on zeocin for several transfers and
colonies from single zoospores (see below) were screened under a fluorescence dissecting
microscope, inoculated in 5 ml GPYS with 100 µg/ml zeocin and 100 µg/ml ampicillin and
incubated at 28°C overnight at 171 rpm. Fluorescence microscopy was performed with the
generous support of Dr. Rafał Krzysztoń of the Brouzes Lab at Stony Brook University.
Assessing a non-native (S. cerevisiae) TEF promoter for gene expression in A.
limacinum
Transformation plasmids 18S-pCY (Figure 3.6A) and 18S-pGpCY (Figure 3.6B) were
constructed by In-Fusion Cloning (Clontech Mountain View, CA) of PCR amplified (primers:
Table 3.10) 18S rRNA gene fragment or 18S-GAPDH promoter from pUC19-18GZG plasmid,
respectively, into PacI-digested (New England Biolabs Ipswich, MA) pcy3090-07 plasmid
containing a zeocin resistance cassette of ShBle driven by yeast TEF promoter and terminator
(gift from Anne Robinson; Addgene Plasmid 36232; Young et al., 2012). The plasmids were
verified by PCR and sequencing (not shown). In these plasmids, mCherry is downstream of the
18S rRNA gene fragment and upstream of the antibiotic resistance cassette. In 18S-pGpCY, the
GAPDH promoter was incorporated to drive mCherry expression.
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Figure 3.6 mCherry transformation plasmid maps: (A) 18S_pCY and (B) 18S_pGpCY. 18S
rRNA homologous region is used as the target sequence for single homologous recombination
by linearization of the plasmid at the RsrII restriction endonuclease site. BleoR (ShBle) is driven
by yeast TEF promoter-terminator system (annotated in maps as bleMX6). Promoter-less
mCherry (A) and A. limacinum GAPDH driven mCherry (B) confer red fluorescence (RFP).
Table 3.10 Primers used in the amplification of the 18S rRNA region of 18GZG or the 18S rRNA
and GAPDH promoter region from the pUC19_18GZG plasmid for use in building pCY and
pGpCY plasmids.
Primer

Dir.

Amplification

Sequence (5' to 3')

18S_pcy

FWD

18S rRNA region or 18S rRNA
GACGGTGCTGGTTTACCCTTGTTACGACTT
and GAPDH promoter region
CACCTTCC
from 18GZG plasmid

18S_pcy

RVS

18S rRNA region from 18GZG
plasmid

18S_pG_pcy

RVS

TTGCTCACCATGTTACCCAGTAGTCATATG
CTCGTCTC

18S rRNA and GAPDH promoter TTGCTCACCATGTTATTTGCTTGGTGTTTAT
region from 18GZG plasmid
GTGTGCG

A 50 ml culture of GPY media was inoculated with 5 ml overnight preculture (GPY, 28°C,
171 rpm) of wildtype A. limacinum cells and transformed following the electroporation protocol
previously established (Appendix 7.2.3) for A. limacinum. For each electroporation reaction, 1
μg of RsrII-digested (New England Biolabs, Ipswich, MA) and purified (QIAquick PCR
Purification Kit; QIAGEN, Hilden, Germany) plasmid was used. Cells were electroporated using
the Bio-Rad Gene Pulser (Bio-Rad Hercules, CA) at 450 V, 25 µF, 1000 ohms (time constant
5.3 to 5.8 ms) for 2 pulses.
Zeocin resistant colonies were passaged (by streaking) onto zeocin (100 μg/ml) GPYS
agar media and zoospores were subsequently isolated (Appendix 7.2.4). Fluorescence
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microscopy was performed on cultures grown from zoospore colonies by inoculation in 3 ml
GPYS with 100 µg/ml zeocin and 100 µg/ml ampicillin and incubation overnight (28°C, 171
rpm).
Zeocin resistance of the zoospore colonies was evaluated at 0, 50, 100, 200, or 500
μg/ml zeocin in 96-well plates. One colony from each zoospore isolation event (pCY96-3 and
pGpCY132) was inoculated into 2 ml of GPY media and cultured overnight at 28°C and 171
rpm. Cells were diluted in GPY media and zeocin to result in a starting OD of 0.1. Plates were
maintained at 1300 rpm, 28°C for 75 h, and OD600 was measured at least twice daily.
The mean of triplicate wells was standardized by subtracting the mean of triplicate media
wells and plotted using R 3.6.0. Wells where the difference in growth between the max and min
OD was > 0.1 were fitted to growthcurver.
3.4

Results
Establishing A. limacinum nutrient growth conditions

Of the 96 nutrient compositions tested, fourteen (A1 to A12, C1, and C12) resulted in no
growth (Figure 3.7). Twelve of these fourteen conditions were of cells grown in 0 g/L peptone
and yeast extract (Row A). Additionally, cells grown in wells C1 and C12, at 0 g/ L and 5 g/L
glucose, respectively, and 0.1 g/L peptone and yeast extract also did not grow. The lack of
growth in wells C1 and C12 is likely due to plating error (e.g., omission of 0.1 g/L peptone and
yeast extract) rather than the cell’s physiological inability to grow under these nutrient
conditions. Logistical parameter distributions revealed a correlation between peptone/ yeast
extract and max yield (K) (Supplemental Figures 3.5, 3.6, 3.7).
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Figure 3.7. Growth curves of A. limacinum cultured in varying glucose versus peptone and
yeast extract. For each of the 96 small graphs, X-axis = 0 – 165 h. Y-axis = 0 – 0.68 optical
density. Black points indicate optical density readings and the fitted logistic growth curves are in
blue. Wells in which max OD - min OD < 0.01 (i.e., did not grow) were not modeled and are
plotted in pink (y =0). The corresponding glucose concentrations per column are indicated at the
base of the plate figure, ranging from 0 to 5.0 g/L. The peptone and yeast extract concentrations
ranging from 0 to 1.0 g/L are indicated on the right of the plate figure. The nutrient composition
of H12 represents ATCC 790 By+ Medium.
The greatest max yield, K, of all nutrient conditions was observed in 5 g/L glucose and 1
g/ L peptone and yeast extract (H12). This nutrient composition reflects the ATCC suggested
media composition for culturing thraustochytrids known as 790 By+ Medium. This media and
this experimental setup are used for subsequent antibiotic experiments. These findings provide
insight into the dependence of A. limacinum growth yield on sources of nitrogen such as
peptone and yeast extract. With increasing peptone and yeast extract content in the media, the
growth yield of A. limacinum also increases, yet no significant change is observed in the growth
rate. Additionally, the data suggest that A. limacinum growth (yield and rate) does not depend
on glucose content of the medium.
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Evaluation of antibiotic sensitivity in A. limacinum
3.4.2.1.1 Antibiotic sensitivity in 96-well plates
In 96-well plates (liquid media, one replicate), five antibiotics inhibited A. limacinum
growth: penicillin (500 µg/ml), kasugamycin (100 µg/ml), doxycycline (100 µg/ml), tetracycline
(100 µg/ml), and nourseothricin (100 µg/ml) (Figure 3.8). Antibiotics that did not inhibit A.
limacinum growth in 96-well plates were ampicillin (500 µg/ml), carbenicillin (500 µg/ml),
hygromycin B (800 µg/ml). Antibiotics that reduced, yet did not prevent, A. limacinum growth
include bekanamycin (500 µg/ml), spectinomycin (100 µg/ml), and streptomycin (100 µg/ml)
(Figure 3.8), suggesting that A. limacinum has intrinsic resistance to these antibiotics.

Figure 3.8 Mean growth (optical density) of A. limacinum triplicate 60 h cultures in 790 By+
media and antibiotic media. Error bars indicate standard deviation.
These findings differ from previous findings which showed that hygromycin B was
effective in growth inhibition at a higher concentration (2 mg/ml) than what was used currently
(800 µg/ml) in Thraustochytrium aureum ATCC 34304 (Matsuda et al., 2012; Sakaguchi et al.,
2012) and in Aurantiochytrium limacinum mh0186, Schizochytrium sp. 204-06 m, and
Parietichytrium sp. TA04Bb (Sakaguchi et al., 2012). Additionally, unlike the current findings,
previous findings did not find tetracycline (100µg/ml) or penicillin (500 µg/ml) to affect the growth
of either Aurantiochytrium limacinum mh0186 or Thraustochytrium aureum ATCC 34304
(Sakaguchi et al., 2012). Additionally, in the isolation of thraustochytrids from mangrove areas in
Whangapoua Harbour, North East New Zealand (Wilkens and Maas, 2012), Okinawa Prefecture
in Japan (Perveen et al., 2006), Mai Po Nature Reserve in Hong Kong (Wong et al., 2008), and
in Chorao mangroves in Goa (Bongiorni et al., 2005) a common practice in generating
thraustochytrid axenic cultures is to use a combination of streptomycin and penicillin (each
ranging from 0.1 mg/ml to 25 mg/l) because these antibiotics do not inhibit thraustochytrid
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growth. A consistency between previous and current data include the uninhibited growth of
thraustochytrids in ampicillin (20 mg/l) and streptomycin (Wilkens and Maas, 2012).
Relative to the growth rate (r) and max yield (K) of cells grown in no antibiotic media,
ampicillin, carbenicillin or hygromycin B, cells grown in bekanamycin, spectinomycin, or
streptomycin exhibit reduced growth rates and a lower max yield (Supplemental Figure 3.8
and 3.9). This reduced growth rate and max yield may be attributed to the gradual degradation
of the antibiotics (bekanamycin, spectinomycin, and streptomycin), relieving the cells of growth
inhibition.
3.4.2.1.2 Antibiotic sensitivity on agar plates
Antibiotics tetracycline and nourseothricin, which were found to inhibit the growth of A.
limacinum in liquid cultures, as well as the antibiotic neomycin were evaluated for growth
inhibition of A. limacinum on solid media (2% agar plates). Cells in three growth stages (linear
growth, early stationary, and late stationary; 24h, 48h, and 72 h, respectively) were evaluated at
three concentrations (10, 50, 100 μg/ml) of each antibiotic. This experimental setup was
designed to evaluate whether cells in varying growth phases exhibited differential antibiotic
resistance. Additionally, this experiment enabled the observation of density-dependent antibiotic
resistance effects. Both tetracycline and neomycin were ineffective in inhibiting the growth of A.
limacinum at all concentrations and all growth stages. Nourseothricin inhibited the growth of A.
limacinum at 100 μg/ml at all growth stages (Figure 3.9). Interestingly, 50 μg/ml nourseothricin
prevented growth of A. limacinum in the linear growth and early stationary phases, but not in
late stationary phase (highest cell density), suggesting the possibility of a density-dependent
effect on nourseothricin resistance in A. limacinum. Interestingly, growth of Thraustochytrium sp.
ONC-T18 on agar plates was not affected by nourseothricin (1 – 100 μg/mL) (Zhang and
Armenta, 2018). Also, nourseothricin and neomycin are both aminoglycosides (streptothricinclass, and 4,5-disubstituted DOS-containing aminoglycosides, respectively) (Ogawara, 2019).
This class of antibiotics induce mistranslation of mRNA and lead to inhibition of protein
synthesis. It is possible that the inhibition of A. limacinum growth by one aminoglycoside and not
by another is particular to the exact mechanism of each antibiotic. Also, the discrepancy in the
resistance of A. limacinum to tetracycline (on plates, yet not in liquid) may also be particular to
the function of this antibiotic. Tetracycline (pertaining to the antibiotic class tetracyclines) inhibits
protein synthesis by binding to the 16S rRNA, preventing the delivery of aminoacyl-tRNA to the
ribosomal acceptor (A) site (Chopra and Roberts, 2001).
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Figure 3.9 Antibiotic 790 By+ plates of A. limacinum cells from liquid 790 By+ cultures at 24h,
48h, 72h. Three antibiotic concentrations (10, 50, 100 μg/ml) of nourseothricin (Nour),
tetracycline (Tetr), neomycin (Neo) were evaluated. Control (Contr) plates have no antibiotic.
3.4.2.1.3 Antibiotic sensitivity at multiple concentrations
Zeocin and geneticin (G418) have been shown to be effective in growth inhibition of
other Aurantiochytrium spp. (Roessler et al. 2006, Lippmeier et al. 2009, Cheng et al. 2011, Ono
et al. 2011, Cheng et al. 2012, Suen et al. 2014, Sun et al. 2015, Kobayashi et al. 2011,
Matsuda et al. 2011, Sakaguchi et al. 2012). Here, A. limacinum growth was evaluated at
multiple concentrations of zeocin and G418 (separately) in 96-well plates. Zeocin is a member
of the bleomycin/ phleomycin family of antibiotics, which upon entering the cell, bind to DNA and
cleave it (Berdy, 1980). G418 is an aminoglycoside antibiotic that inhibits protein synthesis by
binding to the 80S subunit of the ribosome (Panchal et al., 1984). Both zeocin and G418
inhibited growth of A. limacinum at all the tested concentrations: 50, 100, 200, 500 μg/ml zeocin
or 200, 500, 1000, 2000 G418 μg/ml G418 (Figure 3.10). No growth was observed in G418
cultures, whereas in zeocin cultures, very little growth was observed (significantly reduced
growth rate and max yield) (Table 3.11). In other Aurantiochytrium spp. G418 inhibited growth
at concentrations ranging from 300 - 2000 μg/ml (Kobayashi et al., 2011, Matsuda et al., 2011,
Cheng et al., 2012, Sakaguchi et al., 2012). Zeocin growth inhibition in other Aurantiochytrium
spp. was observed in concentrations ranging from 50 – 5000 μg/ml (Roessler et al. 2006,
Lippmeier et al. 2009, Cheng et al. 2011, Ono et al. 2011, Suen et al. 2014, Sun et al. 2015).
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Figure 3.10 Mean optical density of A. limacinum cultures in GPY with (A) 0, 50, 100, 200, 500
μg/ml zeocin or (B) 0, 200, 500, 1000, 2000 μg/ml G418. Error bars indicate standard deviation.
Table 3.11 Max yield (K, OD600) of 60+ h cultures of A. limacinum grown in GPY media with 0,
50, 100, 200, 500 μg/ml zeocin and 0, 200, 500, 1000, 2000 μg/ml G418.
Zeocin (µg/ml)
0
50
100
200
500

G418 (µg/ml)
0
200
500
1000
2000

K
1.48 ± 0.06
0.45 ± 0.01
0.38 ± 0.06
0.32 ± 0.05
0.28 ± 0.04

K
0.88 ± 0.005
-----

A statistically significant difference was observed between the max yield (K) of cells
grown at each of the zeocin concentrations (50 - 500 μg/ml) relative to the max yield of cells
grown at 0 μg/ml (p << 0.001). With increasing concentrations of zeocin, the growth yield of A.
limacinum is more severely impacted. For A. limacinum cells grown in G418, growth was
inhibited at all concentrations ≥ 200 µg/ml.
Development of A. limacinum genetic tools
Many challenges were encountered using the approach outlined by Cheng et al. (2011,
2012), Matsuda et al. (2011), Sakaguchi et al. (2012), and Kobayashi et al. (2011). First,
survivorship data revealed that the cell preparation alone (protoplast prep) resulted in less than
0.1% of the initial cell population surviving (prior to electroporation) resulting in unfavorable
conditions for electroporation reactions with low efficiency.
Second, on several occasions non-electroporated cells (negative control) grew on
nourseothricin plates resulting in an inability to select for transformants. Nourseothricin is a
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streptothricin antibiotic that functions similar to aminoglycoside antibiotics which inhibit protein
synthesis by binding to ribosomes. Several aminoglycosides (spectinomycin, streptomycin,
neomycin) were not found to be effective in growth inhibition of A. limacinum. Nourseothricin
induces mRNA mistranslation which leads to the inhibition of protein synthesis. In the previous
experiment where cells were plated at 24, 48, and 72 h on 10, 50, and 100 µg/ml nourseothricin,
cell growth was observed on 50 µg/ml nourseothricin at 72h, whereas at lower cell densities
(plated after 24 and 48 h culture), no cell growth was observed on 50 µg/ml nourseothricin
plates. A very high cell density is used in electroporation (because of the high mortality rate) and
I hypothesize that A limacinum is less susceptible to growth inhibition by nourseothricin at
higher densities, or that the concentration of nourseothricin relative to cell density is critical. This
may be a result of the abundance of proteins and mRNA from lysed neighboring cells that
enable growth even at high concentrations of nourseothricin.
Third, further examination of the gene model annotations for ef1a revealed a
questionable promoter sequence, which was used in the resistance cassette. Ef1a in A.
limacinum (Aurli_7726) is annotated as 722 aa with one long intron near the 5’ end and has no
expressed sequence tag (EST) support. It is unclear whether the predicted protein is ~280 aa
too long (Ef1a COG is ~450 aa) or the start is misannotated, which may produce a
nonfunctional promoter sequence. Similar 5’ intronic annotations and questionably long protein
lengths are found in the labyrinthulomycete genomes of Aplanochytrium kerguelense
(Aplano_61373) and Schizochytrium aggregatum (Schag_58359).
Adapting the transformation approach outlined by Ono et al. (2011) was successful.
Survivorship quantified before and after the cell preparation protocol (rinsing the cells in saline
solution and twice in 50 mM sucrose solution) to determine cell mortality prior to electroporation,
revealed no significant difference between the number of colonies. This is a significant
advantage in comparison to the survivorship (< 0.1%) observed following the Cheng et al.
(2011) protoplast prep protocol.
Survivorship of A. limacinum cells varied across electroporation conditions (Table 3.12).
The highest survivorship (8.2%) was observed in cells electroporated using the NEPA21 for two
8 ms pulses at 275 V. The lowest survivorship was observed in the NEPA21 for two 4 ms pulses
at 250 V. Survivorship resulting from electroporation attempts in thraustochytrids is not reported
in the literature.
Table 3.12 Survivorship of A. limacinum cells resulting from varying electroporation conditions.
Electroporator

Setting used

Survival rate

Gene Pulser (BIO-RAD)

2 pulses: 450V, 25 µF, 1000 Ω (~5 ms)

2.6%

NEPA21

2 pulses: 250 V, 4 ms

1.55%

NEPA21

2 pulses: 275 V, 8 ms

8.2%

NEPA21

2 pulses: 300 V, 12 ms

4.7%
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Transformation efficiency (transformants/ µg DNA) was explored using 1 – 10 µg DNA
on both the Bio-Rad Gene Pulser and NEPA21 (Table 3.13). Using 1 µg of linearized pUC1918GZG plasmid that confers resistance to zeocin with 2 pulses at 450 V (roughly a time
constant of 5 ms for each pulse) on the Bio-Rad Gene Pulser resulted in the highest
transformation efficiency (44 transformants/ µg DNA). The lowest transformation efficiency (0.1
transformants/ µg DNA) was 1 to 2 orders of magnitude less than all other transformation
efficiencies and was observed at the only electroporation condition using one pulse. This
suggests that a single versus double pulse impacts transformation efficiency, which may be a
result of DNA entering the cell on the first pulse and the nucleus on the second pulse, enabling
genomic integration. The lowest proportion of stable transformants (10%) was also found in the
transformation condition using one pulse. This may result from transient expression, where a
single pulse may have enabled the DNA to enter the cell and be expressed transiently, yet not
enter the nucleus for genomic integration and stable expression.
Another observation is the decreasing transformation efficiency with increasing µg of
transformation plasmid on the Gene Pulser. Although, interestingly, both the number of initial
colonies and the percent of stable transformants increased with the amount of plasmid.
Table 3.13 Transformation efficiency under varying electroporation conditions and
transformation plasmid quantities. Initial colonies were counted 120 h after plating
electroporated cells on selective media, subsequently restreaked on selective media and
recounted (Stable Transformants).
Instrument

Condition
300 V,
1 pulse

Bio-Rad
Gene
Pulser

NEPA21

pUC19_18GZG
Initial
DNA
Colonies

Stable
Transformants

Efficiency
Percent
(transformant/ µg
Stability
DNA)

10 µg

10

1

10

0.1

1 µg

54

44

82

44

2.5 µg

62

52

84

20.8

5 µg

50

39

78

7.8

10 µg

75

68

91

6.8

250 V, 4 ms,
2 pulses

1 µg

25

18

72

18

275 V, 8 ms,
2 pulses

1 µg

24

13

54

13

300 V, 12 ms,
2 pulses

1 µg

11

7

64

7

450 V,
2 pulses

Six transformants resulting from electroporation on the Gene Pulser (2 pulses at 450 V, 25
µF, 1000 Ω, ~5 ms) using 10 µg uncut or linearized plasmid were stable over 13 transfers (five
on selective, followed by five on non-selective solid media, and then three again on selective
solid medium.). DNA amplification products of ~375 bp resulting from the PCR amplification
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reactions of ShBle indicated the presence of ShBle in the genome of all transformants (U1, L1,
L2, L4, L6, L7) and absence in the wildtype (W) (Figure 3.11A). Additionally, the PCR
amplification of the ITS region (Figure 3.11B) revealed the integration of ShBle in the 18S rRNA
region of the genome in four of the six transformants (L2, L4, L6, L7; Figure 3.11C) and
absence in two wildtype genomes (W1, W2). The combination of these two results suggests that
all six transformants contain at least one integrated copy of ShBle, yet that differences in the
integration mechanism of ShBle are present in the transformants. Four transformants (L2, L4,
L6, L7) likely underwent integration of ShBle into the genome at the 18S rRNA gene by SHR.
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Figure 3.11 Genomic DNA PCR confirmation of six pUC19-18GZG transformants (U1, L1, L2,
L4, L6, L7). (A) Amplification of ShBle gene (375bp). W is the wildtype, gzg is the plasmid
control, ntc is the no template control, and M is a 100 bp marker. (B) Diagram of pUC19-18GZG
plasmid integration into A. limacinum genome by SHR. Primers are annotated in purple, and ITS
specific primer in orange (ITSF). (C) ITSF and shbleR primers amplify a 3.6 kbp product
spanning from the integrated plasmid region (ShBle) into an 18S locus. W1 and W2 are wildtype
gDNA, 1kb is the 1 kbp ladder.
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Southern blotting using a DIG-labelled ShBle probe confirmed the PCR amplification
findings of the presence of ShBle in the genomes of transformants (U1, L1, L2, L4, L7), and the
absence of ShBle in the genomes of wildtypes (W1, W2) (Figure 3.12). Additionally, the
relatively similar size bands found across L2, L4, and L7 suggests the integration of ShBle in a
similar location within the genomes of these three transformants. The variation in the band
intensity observed between the transformants (U1, L1 < L4, L7 < L2) suggests that more than
one copy of ShBle integrated into the genomes of L2, L4, L7. The differences in the Southern
blotting band sizes observed between U1, L1 and L2, L4, L7 suggest that ShBle integrated
elsewhere in the genome, not in the 18S rRNA, in transformants U1 and L1. Additionally, the
two independent bands observed in U1 are indicative of two distinct integration events resulting
in an additional copy of the antibiotic resistance cassette having integrated elsewhere in the
genome.

.
Figure 3.12 Southern blot of five transformants (U1, L1, L2, L4, L7) and two wildtypes (W1, W2)
using ShBle digoxigenin-labeled probe. (A) Gel electrophoresis of XhoI digested genomic DNA.
(B) Southern blot of XhoI digested transformant and wildtype genomic DNA labeled with ShBlespecific probe.
Expansion of A. limacinum genetic tools
Both G418 antibiotic resistance genes, nptI and nptII, were adapted for targeted
insertion into the 18S rRNA gene (Supplemental Figure 3.10, 3.11), yet no transformants were
produced with endogenous GAPDH or exogenous TEF (S. cerevisiae) promoter-terminator
systems. In Schizochytrium sp. TIO01 (Cheng et al. 2012), nptII was effective in conferring
resistance to G418 (300 µg/ml).
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Expression of yeGFP in A. limacinum
Initial observations revealed that no GFP fluorescence was observed in wildtype cells
and that transformant populations were heterogeneous in fluorescence with only a fraction
~30% (yeGFP-shble) of the cells fluorescing.
The life cycle of A. limacinum includes a multinucleated cell stage, known as
zoosporangia. Upon rupturing, mature zoosporangia release motile, flagellated zoospores
(Figure 1.5). It is possible that non-mature, yet multinucleated, zoosporangia that undergo
electroporation result in multiple transformation events within a single cell giving rise to a
heterogeneous population within a single colony. To separate such genetically heterogeneous
populations, a protocol was developed to isolate the mononucleated cell stage known as
zoospores (Appendix 7.2.4). Colonies were inoculated into 3 ml selective GPYS media for < 24
h, passed through a 5 µm filter, and plated on selective GPYS media. Colonies that develop will
have originated from presumably mononucleated cells, and thus result in genetically
homogenous populations.
Fluorescing zoospore colonies were detected using a fluorescing dissecting scope and
subsequently resuspended in ½ ASW for fluorescence imaging using N-SIM E (Nikon, Tokyo,
Japan). The yeGFP::ShBle fusion gene of pUC19-18GeZG transformation successfully
introduced both yeGFP and ShBle into A. limacinum. Several passages revealed antibiotic
resistance stability and fluorescence microscopy (Figure 3.13) revealed expression of yeGFP in
transformant cells (~30 – 58% of cells fluoresced).

Brightfield

Fluorescence

Wildtype

Transformant

Figure 3.13 A. limacinum wildtype cell (top row) and pUC19-18GeZG transformant cell (EZ54)
(bottom row) under brightfield (DIC) and Fluorescence (yeGFP) microscopy. The fluorescence
in the transformant indicates expression of the integrated yeGFP marker gene introduced via
transformation. Scale bars are 10 µm.
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Assessing a non-native (S. cerevisiae) TEF promoter for gene expression in A.
limacinum
Expression of ShBle was observed phenotypically in the growth of cells on zeocin
GPYS agar plates, relative to the wildtype cells and following passage and zoospore isolation
onto zeocin GPYS agar plates. Although fluorescence expression was not seen in every cell,
(heterogeneous expression), mCherry expression was observed in ~30-84% (promoterless
mCherry) using fluorescence microscopy (Figure 3.14). No difference was observed between
the promoterless plasmid (pCY) and the plasmid with GAPDH is driving mCherry (pGpCY).

Figure 3.14 A. limacinum wildtype cell (top row) and pGpCY132 transformant cell (bottom row)
under brightfield (DIC) (left) and Fluorescence (RFP) (right) microscopy. The fluorescence in the
transformant indicates expression of the integrated (promoter-less) mCherry marker gene
introduced via transformation. Scale bars = 10 µm.

Relative to wildtype A. limacinum cells (Figure 3.10A), cells from zoospore isolated
colonies (EZ54, pCY96-3 and pGpCY132) grew in media containing higher concentrations of
zeocin (Figure 3.15). These results indicate functional expression of ShBle by endogenous (A.
limacinum GAPDH) and exogenous (S. cerevisiae TEF) promoter/ terminator systems. The
variation in max yield (K) (Table 3.14) across growth of all three transformants at varying zeocin
concentrations may suggest that the differential resistance to zeocin may be a result of
expression factors other than the promoter strength (i.e., copy number, integration site, etc.).
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Figure 3.15 Growth (optical density; OD600) of zeocin-resistant transformants (A) EZ54, (B)
pGpCY132, and (C) pCY96-3 in GPY media under 0, 50, 100, 200, 500 µg/ml zeocin
concentrations. Zeocin resistant gene, ShBle, is driven by yeast (S. cerevisiae) TEF promoter in
pGpCY and pCY transformants and native A. limacinum GAPDH promoter in EZ (18GeZG)
transformants. Error bars depict standard deviation of three technical replicate wells.
Table 3.14 Max yield (K) of EZ54, pCY96-3, and pGpCY132 zoospore colonies grown in GPY
media under 0, 50, 100, 200, 500 µg/ml zeocin concentrations (Figure 3.15). Max yield (K) of
WT (Figure 3.10) included as reference.
Zeocin (µg/ml)
0
50
100
200
500

EZ (K)
1.44 ± 0.09
0.74 ± 0.03
1.01 ± 0.07
0.77 ± 0.18
0.32 ± 0.06

pGpCY (K)
1.65 ± 0.04
1.58 ± 0.17
1.21 ± 0.03
0.65 ± 0.21
0.34 ± 0.30

pCY (K)
1.67 ± 0.09
0.61 ± 0.13
1.05 ± 0.04
0.91 ±0.05
1.06 ± 1.55

WT (K)
1.48 ± 0.06
0.45 ± 0.01
0.38 ± 0.06
0.32 ± 0.05
0.28 ± 0.04

Although EZ54, pCY96-3, and pGpCY132 are zeocin resistant zoospore colonies,
statistical analyses reveal a statistically significant difference in the max yields (K) between 0
µg/ml and all zeocin concentrations for pCY and EZ.
3.5

Discussion

In summary, A. limacinum growth in 96-well plates was a functional platform for
identification of optimal nutrient conditions, growth curve parameters, and effective antibiotics.
Additional replicates are necessary to ensure that the observed antibiotic growth inhibition (e.g.,
by penicillin) was not an artifact of experimental setup. This is critical for penicillin since it has
previously been shown to not inhibit growth in other thraustochytrids (Bongiorni et al., 2005;
Perveen et al., 2006; Sakaguchi et al., 2012; Wilkens and Maas, 2012). Nourseothricin (100
µg/ml) was observed to inhibit growth on solid media, yet at lower concentrations and higher
densities cells grew. The decreased sensitivity at higher cell density was a factor in rendering
nourseothricin as an unreliable antibiotic for use as a selectable marker. Additionally, the current
ef1a gene model is annotated in such a way that has a questionable promoter region. Also, the
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use of DTT and distilled water to prepare A. limacinum cells for electroporation resulted in a
protoplast prep protocol with very high mortality, which is unfavorable in the development of a
transformation system that may, at least initially, have a very low transformation efficiency. The
adaptation of a different approach (cell preparation, promoter/ terminator system, and antibiotic
resistance gene) proved to be successful.
Transformation plasmid pUC19-18GZG was effective in driving the expression of ShBle
antibiotic resistance gene (BleoR) in A. limacinum when introduced to the cell via
electroporation on the BioRad Gene Pulser and NEPA21. Additionally, both uncut and linearized
forms of the plasmid revealed integration of ShBle into the genome as confirmed by PCR
amplification and Southern blotting. Additionally, these findings agree with Sakaguchi et al.
(2012) that integration by homologous recombination is favored by linear plasmid. Of the six
transformants characterized, at least four different integration events were involved, differing in
location, copy number, or both. The cell preparation protocol adapted from Ono et al. (2011)
resulted in no significant decrease in the viability of cells suggesting that this protocol
(Appendix 7.2.3) is an effective method of preparing A. limacinum cells for transformation.
Transformation efficiencies may be improved by varying cell preparation or by
optimization of electroporation conditions. Adachi et al. (2017) explored using glass beads prior
to electroporation to enhance efficiency and reports transformation efficiencies ranging from 1.5
– 15 cfu/ µg DNA in Thraustochytrid strain 12B and 30 – 150 cfu/ µg in Aurantiochytrium
limacinum strain SR21 when glass beads are used, otherwise the transformation efficiency is 0
for both strains when no cell preparation protocol is used. Adachi et al. (2017) also explored two
electroporation conditions: two pulses at 25 μF, 200 Ω, and 750 V (without beads) and at 25 μF,
200 Ω, 500 V (with beads; does not specify whether one or two pulses were administered). The
current findings suggest that the amount of plasmid used and the number of pulses
administered in the electroporation can alter the transformation efficiency. Using only one pulse
resulted in a majority of transiently resistant cells (surviving only initial plating and no transfers).
Both endogenous (A. limacinum GAPDH) and exogenous (S. cerevisiae TEF) promoter/
terminator systems were effective in driving expression of ShBle (zeocin resistance gene) in A.
limacinum. This is consistent with other thraustochytrids such as Schizochytrium sp. TIO01, in
which both ShBle and nptII expression was driven by a S. cerevisiae TEF promoter and a S.
cerevisiae CYC1 terminator (Cheng et al., 2011, 2012) and in A. limacinum OUC88 where
ShBle expression was driven by an S. cerevisiae PGK promoter and S. cerevisiae CYC1
terminator (Sun et al., 2015).
In the various transformation attempts described in this chapter, zeocin resistance
(ShBle) was the only effective selectable marker in A. limacinum. Transformation attempts with
nptI and nptII did not yield transformants, resulting in a single functional antibiotic resistance
selectable marker gene, ShBle. This may prove to be a limitation in the applications of these
genetic tools in approaches such as complementation where more than one selectable marker
is necessary. Further exploration of antibiotics and their respective antibiotic resistance genes in
A. limacinum may yield additional functional antibiotic resistance genes as effective selectable
markers. Additionally, a drawback of using zeocin was observed in the effect of zeocin’s toxicity
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which did not allow, even zeocin resistant colonies, to survive on agar plates for an extended
amount of time. This is particularly evident when incubated at 4°C.
Many of the foundational components to developing a transformation system in A.
limacinum were established in this chapter. These include identifying the growth and antibiotic
resistance of A. limacinum. Electroporation of cells using a transformation plasmid containing
an 18S rRNA region upstream of an antibiotic resistance cassette, in this case, an endogenous
GAPDH promoter/ terminator system driving ShBle expression, resulted in six transformants
(U1, L1, L2, L4, L6, L7) from at least three varying integration events. Additionally, this system
was expanded to successfully introduce yEGFP and mCherry expression into A. limacinum. In
addition to the endogenous GAPDH promoter/ terminator system, exogenous S. cerevisiae TEF
was effective in driving ShBle expression in A. limacinum. The transformation system
established in this chapter enables the genetic manipulation of A. limacinum and serves as the
foundation to further develop genetic tools that will support understanding the unique biology,
physiology, and ecology of A. limacinum.
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Chapter 4:

4.1

Genetic inactivation of crtIBY in Aurantiochytrium limacinum
ATCC MYA-1381

Abstract

The trifunctional carotenoid biosynthesis gene (crtIBY) of Aurantiochytrium limacinum
ATCC MYA-1381 was targeted for inactivation by double homologous recombination using two
2 kbp arms of homology framing the antibiotic resistance cassette (endogenous GAPDH
promoter-terminator system driving ShBle; GZG) developed in Chapter 3. Several resulting
zeocin-resistant putative transformants were characterized using PCR, Southern blotting,
nanopore sequencing, pigment extraction, and growth in varying concentrations of zeocin
media, revealing a variety of integration events including double homologous recombination,
concatemeric double homologous recombination, and single homologous recombination with
non-homologous end joining.
4.2

Introduction

The trifunctional crtIBY (Aurli_150841) of Aurantiochytrium limacinum ATCC MYA-1381
(henceforth A. limacinum) encodes three carotenogenesis-specific enzymes (N- to C-terminus):
phytoene desaturase, phytoene synthase, and lycopene cyclase. As the only carotenoid genes
resulting from conserved protein domain scans of A. limacinum’s genome (Chapter 2), I
hypothesize that crtIBY constitutes A. limacinum’s sole carotenoid biosynthetic pathway.
Through the adaptation and expansion of the genetic tools developed in Chapter 3, inactivating
crtIBY will confirm the functional prediction and reveal whether additional carotenogenesis
pathways are present in A. limacinum.
In the thraustochytrids Schizochytrium sp. ATCC 20888 (Lippmeier et al., 2009) and
Thraustochytrium aureum ATCC 34304 (Matsuda et al., 2012, Sakaguchi et al., 2012), gene
inactivation by targeted recombination was successful in PUFA biosynthesis genes: PFA1,
TauΔ12des, and TauΔ5des. Generally, targeted gene disruption is achieved by incorporating
long homologous flanking sequences into the transformation plasmid. To improve the likelihood
of recombination, Lippmeier et al. (2009) designed the transformation construct to have 1,500
bp and 7,500 bp of target gene sequence (PFA1) flanking either side of the antibiotic resistance
cassette (endogenous alpha-tubulin promoter, zeocin resistance gene, ShBle, and a terminator
from SV40 virus coat protein locus). Matsuda et al. (2012) used two constructs (because of
diploidy) to inactivate the TauΔ12des of Thraustochytrium aureum ATCC 34304: a hygromycin
resistance gene (hygromycin-B-phosphotransferase) and a blasticidin resistance gene each
driven by a native ubiquitin promoter and an SV40 terminator flanked by 1,001 bp arms of
homology. Similarly, Sakaguchi et al. (2012) inactivated TauΔ5des in Thraustochytrium aureum
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ATCC 34304 using the antibiotic resistance genes kanr (G418) and hygr (hygromycin) each
driven by an endogenous ubiquitin promoter and terminator and flanked by 530 bp of the
TauΔ5des promoter (upstream) and 680 bp of the TauΔ5des ORF (downstream).
This research expands the applications of the genetic tools developed in Chapter 3 by
targeting inactivation of A. limacinum’s crtIBY. Matthews and Vosshal (2020) propose gene
knockout as the fifth step in developing a model organism. Here, inactivation of crtIBY in A.
limacinum was achieved through the incorporation of two 2 kbp arms of homology flanking the
antibiotic resistance cassette conferring zeocin resistance (ShBle driven by an endogenous
GAPDH promoter/ terminator system: GZG).
4.3

Methods
Transformation plasmid design and construction

The trifunctional crtIBY gene of A. limacinum was targeted for inactivation by double
homologous recombination by constructing transformation plasmid Aurli_150841_GZG
(Addgene Plasmid 162563). Primers optimized for In-fusion HD Cloning Plus (Clontech,
Mountain View, CA) (Table 4.1) were used to PCR amplify two 2 kbp crtIBY (Aurli_150841)
arms of homology: Aurli_150841_Left_Arm, and Aurli_150841_Right_Arm (Figure 4.1A) from
A. limacinum genomic DNA using KOD Xtreme™ Hot Start DNA Polymerase (Novagen,
Madison, Wisconsin). In-Fusion Cloning was performed twice successively, first with Acc651digested (New England Biolabs, Ipswich, MA) and gel extracted (QIAquick Gel Extraction Kit;
QIAGEN, Hilden, Germany) pUC19-18GZG (Figure 3.11) (Acc651 is dual cutter in pUC1918GZG with sites found immediately up- and down-stream of the 18S rRNA fragment) and PCR
amplified Aurli_150841_Left_Arm. The resulting plasmid (pUC19-LA-GZG) was confirmed by
restriction digest and sequencing (not shown). pUC19-LA-GZG was subsequently digested with
SphI (New England Biolabs, Ipswich, MA) and In-Fusion Cloning was performed using PCR
amplified Aurli_150841_Right_Arm. The final plasmid (Aurli_150841_GZG; Figure 4.1B) was
confirmed by restriction digest and sequencing (not shown).
Table 4.1 Primers used in the In-fusion cloning of Aurli_150841_GZG.
Primer

Dir.

Amplification

Sequence (5' to 3')

Acc65I LA

FWD

Aurli_150841 Left arm with Acc65I
(5’ pUC19)

ATTCGAGCTCGGTACCGCCACCCAGGAT
GTCTGTC

Acc65I LA

RVS

Aurli_150841 Left arm with Acc65I
(3’ GAPDH promoter)

CAAGATCAAGGGTACCGGCTTAACCCTC
CACTAGGG

SphI RA

FWD

Aurli_150841 Right arm with SphI

TCTAGTGCTTCAAGGCATGCGATTTTTCC
GCCGAGCTG

SphI RA

RVS

Aurli_150841 Right arm with SphI

ATTACGCCAAGCTTGCATGCGCTCCAGA
GTTCTCGAGTGC

150841_ORF

FWD

Aurli_150841 Knockout region

GTGTGAGAAGGTCTGCGACA
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150841_ORF

RVS

Aurli_150841 Knockout region

TGTCCCAAGGGGTGGTATAA

Figure 4.1 Aurli_150841 Arms of Homology and Aurli_150841_GZG plasmid. (A) Map of
Aurli_150841 open reading frame (ORF) with conserved domains: phytoene desaturase,
phytoene synthase, and heterodimeric lycopene cyclase domains (lyc… and right adjacent
arrow). The arms of homology (Aurli_150841_Left_Arm and Aurli_150841_Right_Arm) and
150841_ORF primer sites are included for reference. (B) Plasmid map of Aurli_150841_GZG.
Restriction sites of AvrII, used in the linearization producing the fragment of interest, are
included for reference.
Transformation Strategy
To favor double homologous recombination, Aurli_150841_GZG transformation plasmid
was digested using AvrII (a dual cutter in Aurli_150841_GZG plasmid, with sites found in
Aurli_150841_Left_Arm and Aurli_150841_Right_Arm; Figure 4.1B; New England Biolabs
Ipswich, MA) resulting in double strand breaks at the ends of the fragment of interest
(Aurli_150841_Left_Arm — GZG — Aurli_150841_Right_Arm). The digested product was PCR
purified (QIAquick PCR Purification Kit; QIAGEN, Hilden, Germany) prior to electroporation.
The electroporation protocol previously established for transforming A. limacinum
(Appendix 7.2.3) was followed using 10 µg of AvrII-digested Aurli_150841_GZG transformation
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plasmid and the Gene Pulser (Bio-Rad Hercules, CA): 2 pulses at 450V, 25 µF, 1000 Ω (~5
ms). Electroporated cells were plated on selective (100 µg/ml zeocin and ampicillin) GPYS
plates and resulting colonies were subsequently streaked for three generations on selective
media, then three generations off selective media, and then again onto selective media to
determine the stability of ShBle integration into the genome and pigmentation phenotype prior to
characterization.
Transformant characterization approach
Genomic DNA extraction, PCR, and Southern blotting
Genomic DNA extracted from 3-day 50 ml 790 By+ cultures according to Lippmeier et al.
(2009) (Appendix 7.2.2) was used in PCR amplification, Southern blotting, and nanopore
sequencing (which was performed by Gina V. Filloramo, Anna M. G. Novák Vanclová, John M.
Archibald). PCR amplification was performed using LongAmp® Taq DNA Polymerase (NEB
Ipswich, MA) with primers framing the region expected to be knocked out by GZG (ShBle)
integration (150841_ORF_F/ 150841_ORF_R; Table 4.1 and Figure 4.1A).
For Southern blotting, 2 µg of wildtype and putative knockout genomic DNA (colonies 32,
33, and 34) double digested with NdeI and HindIII (New England Biolabs Ipswich, MA) were
loaded on a 0.8% agarose gel and run for six hours at ~40 V. Transfer, hybridization, wash, and
detection were performed as indicated by the manufacturer (Roche, Basel, Switzerland) using a
ShBle digoxigenin-labeled probe synthesized via PCR using PCR DIG Probe Synthesis Kit
(Roche, Basel, Switzerland).
Nanopore sequencing and analyses
For MinION multiplexed sequencing library preparation, 2 µg of purified DNA (Genomictip 20/G genomic, QIAGEN, Hilden, Germany) was prepared (wildtype, 32, and 33) using the
Oxford Nanopore Technology (ONT) ligation sequencing kit (SQK-LSK109) and the PCR-free
native barcoding expansion kit 1-12 (EXP-NBD103) according to the ONT protocol: 1D Native
barcoding genomic DNA (version NBE_9065_v109_revB_23May2018).
Unfragmented genomic DNA was repaired using the NEBNext FFPE DNA repair module
(New England Biolabs Ipswich, MA) and prepared for adapter ligation using the NEBNext End
repair/dA-tailing module (New England Biolabs Ipswich, MA). Following purification with a 1:1
volume of AMPure XP beads (Beckman Brea, CA), native barcodes were ligated in a 1.36x
scaled ligation reaction and each native barcoded sample was pooled in approximately
equimolar amounts (~1.3 µg each). The 1D barcode sequencing adapters (BAM 1D) were then
ligated on to the pooled and barcoded DNA and purified by a 0.4x AMPure XP using the Long
Fragment Buffer mix (ONT Oxford, UK) to enrich for DNA fragments > 3 kbp. Following the final
adapter ligated library incubation in 15 µl Elution Buffer for 10 minutes min at 37°C, a total of 1.2
µg of prepared library was loaded on a single MinION R9.4.1 chemistry SpotON flow cell (FLOMIN106) and sequenced via ONT’s MinKNOW software (v2.1.12) without live basecalling. The
raw fast5 MinION data were deposited in the NCBI SRA database as BioProject PRJNA680238
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(WT accession: SRR13108467; KO32 accession: SRR13108466; KO33 accession:
SRR13108465).
Binning of the raw reads was performed in real time using Deepbinner v0.2.0
(https://github.com/rrwick/Deepbinner) and the demultiplexed fast5 files were subsequently base
called using Albacore v2.3.1 v2.x.x (https://nanoporetech.com/). Only fastq sequences assigned
to the used barcodes were used in subsequent analyses. Data resulting from the removal of
adapters by Porechop 0.2.3 (https://github.com/rrwick/Porechop) were used in preliminary
genome assemblies by Canu 1.7.1 (https://github.com/marbl/canu; adjusted to the expected
genome size of 60 Mbp). The consensus sequences were subsequently improved by
Nanopolish 0.10.1 (https://github.com/jts/nanopolish) resulting in finalized de novo genome
assemblies for wildtype and both transformants 32 and 33. Sequencing summaries produced by
Albacore (Supplementary Table 4.1) were assessed for sequencing data quality by Nanoplot
v1.0.0 (https://github.com/wdecoster/NanoPlot).
The genome assembly resulting from nanopore sequencing of the wildtype totaled as
61.9 Mbp in 55 contigs, six of which represented telomere-to-telomere chromosomes and 27 of
which contained one telomeric repeat. The genomes of mutants 32 and 33 both assembled as
62.5 Mbp into 47 and 50 contigs (13 and 12 full chromosome length, 23 and 30 with one
telomere), respectively. The transgene insertion sites were localized to particular contigs in
mutants 32 and 33 by BLAST (Altschul et al., 1990) using the ShBle gene as a query and its
wildtype structure was determined using global alignment by Mauve (Darling et al., 2004) and
local alignment by MAFFT (Katoh and Stanley, 2004).
Wildtype and transformant growth in 790 and GPY media
Transformant 32 and wildtype were precultured in 5 ml GPY or 790 By+ media with 100
μg/ml ampicillin, incubated at 28°C, 171 rpm overnight and subsequently inoculated into 45 ml
GPY or 790 By+ (50 ml total starting volume) with 100 μg/ml ampicillin. OD600 (Multiple Reads
Per Well) was measured for 70 h by removing 500 μl of culture and loading triplicate wells with
150 μl each. Data was processed using growthcurver 0.3.0 (Sprouffske, 2018) in R 3.6.0.
Pigment extraction
From 235 h cultures of knockout 32 and wildtype grown in GPY,1.5 ml of cells (ranging
in mass between 74 mg and 80 mg) were pelleted. To each tube, 250 mg of 0.5 mm glass
beads and 1 ml of 100% acetone was added, vortexed for 30 min, and then centrifuged for 15
min at 4000 rpm, RT. The absorbance of the supernatant was measured by spectrophotometry
(every half nanometer from 400 - 800 nm). Spectra were zeroed at 600 nm and plotted using R
3.6.0. The absorbance value at 454 nm, the extinction coefficient of β-carotene in acetone (134
x 103 mol-1 cm-1), and the molar mass of β-carotene (536.88 g/mol) were used in the conversion
of absorbance to pigment mass (mg/ g wet cell biomass). This carotenoid extraction protocol
was optimized for A. limacinum (Supplemental Material 5.1).
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Transformant growth in varying concentrations of zeocin
Growth of transformants 32 and 33 at varying concentrations of zeocin was evaluated
following previously described methods (3.3.2.3) and data was analyzed and plotted using
growthcurver 0.3.0 (Sprouffske, 2018) in R 3.6.0. Statistical significance of max yield (K) was
determined using ANOVA and post-hoc Tukey’s test in R 3.6.0.
4.4

Results
crtIBY knockout colonies 32 and 33

The stable zeocin resistant colonies recovered from electroporation with AvrII-digested
Aurli_150841_GZG displayed variation in pigmentation (Figure 4.2). The phenotypic variation
was used as an additional screen for selecting crtIBY knockouts. Integration of ShBle and
functional inactivation of crtIBY was characterized in the two colonies: 32 and 33, appearing to
lack pigmentation (white phenotype).

Figure 4.2 Variation in pigmentation of zeocin-resistant putative Aurantiochytrium limacinum
ATCC MYA-1381 crtIBY knockouts. Colonies 32 and 33 seem to lack pigmentation and appear
as white colonies. Wildtype (WT) pigmentation imaged for comparison.
PCR amplification using primers that frame the region of insertion (150841_ORF_F/
150841_ORF_R) resulted in two PCR products: 3.6 kbp for amplification of GZG-integrated
crtIBY ORF and 2.9 kbp for amplification of wildtype crtIBY (Figure 4.3A and Figure 4.3B,
respectively). In zeocin resistant colonies 32 and 33, these primers amplified a PCR product > 3
kbp, similar in size to the PCR product amplified from the plasmid (Aurli_150841_GZG) and
larger in size than the PCR product amplified from wildtype gDNA, suggesting the integration of
GZG in the targeted region of Aurli_150841 (Figure 4.3C).
Southern blotting of 32 and 33 revealed genomic integration of ShBle. Double digestion
by NdeI and HindIII in knockouts 32 and 33 is expected to result in a 4.9 kbp fragment
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containing ShBle (Figure 4.3D). In the Southern blotting of the transformants the fragment
hybridized to the DIG-labelled ShBle probe is approximately 4.9 kbp in size in both 32 and 33
(Figure 4.3E). Genomic DNA loading is relatively consistent between the transformants (Figure
4.3F), so the differential intensity of the bands suggests that there is more than one copy of
ShBle in transformant 33.

Figure 4.3 PCR and Southern blotting support the genomic integration of ShBle in the crtIBY
ORF of both knockouts 32 and 33. (A) Diagram of 3.6 kbp PCR amplification product in
knockout (KO) crtIBY with 150841_ORF primers. (B) Diagram of 2.9 kbp PCR amplification
product in wildtype (WT) crtIBY ORF with 150841_ORF primers. (C) Gel electrophoresis of
150841_ORF PCR products. KOs 32 and 33, and plasmid (pla) amplified ~3.6 kb product. WT
(non-transformed A. limacinum) amplified ~2.9 kb PCR product. (D) Diagram of the 4.9 kb
genomic fragment resulting from double digestion of NdeI and HindIII and hybridized using a
ShBle probe. (E) Southern blot of 32 and 33: blot was developed using a DIG-labeled ShBle
probe. (F) Gel electrophoresis of NdeI and HindIII digested genomic DNA from 32 and 33.
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The genome assemblies resulting from nanopore sequencing of the wildtype and
knockouts 32 and 33 confirmed the integration of ShBle in the crtIBY region of the two
knockouts (Figure 4.4). The integration of ShBle in transformant 32 resulted in an interrupted
crtIBY ORF as would have been expected in a double homologous recombination event of the
AvrII digested Aurli_150841_GZG plasmid yielding the Aurli_150841_Left_Arm — GZG —
Aurli_150841_Right_Arm fragment of interest. The genome assembly of transformant 33
revealed integration of three copies of ShBle into the genome at the crtIBY locus. Additionally,
the triple tandem repeat integration event that occurred in transformant 33 resulted in two full
copies of the Aurli_150841_GZG plasmid having integrated into the genome.

Figure 4.4 Annotated nanopore sequence maps show intact Aurli_150841 ORF in WT,
Aurli_150841 interrupted by the DHR integration of GZG in white colony 32, and Aurli_150841
interrupted by three copies of GZG, plus two copies of the plasmid backbone in white colony 33.

Carotenoid extraction and spectral analyses support the lack of pigment accumulation in
crtIBY knockout colony 32. Acetone-extractable pigmentation in crtIBY knockout colony 32
grown in GPY media was below detection limit (Figure 4.5). Although a striking difference is
observed in the carotenoid content between the wildtype and transformant 32, both strains
showed relatively similar growth curves (Figure 4.6), growth rates, and max yield
(Supplemental Figure 4.1) when grown in 790 By+ or in GPY media. In this replicate, knockout
colony 32 grew faster than the WT strain in 790 By+. Additional replicates will aid in determining
the consistency of this observation.
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Figure 4.5 Absorbance spectra of acetone-extracted pigments of crtIBY knockout colony 32 and
wildtype (WT) following 235 h culture in GPY media. Inset photo provides visual of pigmentation
differentiation between pelleted cells of knockout (32) and WT.
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Figure 4.6 OD of three technical replicates over 89 h of knockout (KO; transformant 32) and
wildtype (WT) culture growth in 790 By+ and GPY media. Error bars indicate standard deviation.

Transformant strains 32 and 33 showed robust resistance to zeocin exposure. The two
transformants grown in various concentrations of zeocin (0, 50, 100, 200, 500 μg/ml) displayed
relatively similar growth curves regardless of the 10-fold difference in concentration (Figure
4.7). WT cells grown in zeocin (Figure 3.10A) displayed reduced growth rate and max yield at
all concentrations of zeocin (50 – 500 μg/ml). An ANOVA revealed no statistically significant
difference between the max yields at the varying zeocin concentrations for 32 or 33 (p >> 0.05,
p >> 0.05, respectively).
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Figure 4.7 Growth (optical density) of knockouts (A) 32 and (B) 33 in GPY media under 0, 50,
100, 200, 500 μg/ml zeocin concentrations. Error bars depict standard deviation of three
technical replicate wells.
crtIBY knockout colony 34
An additional colony, 34, appearing orange in pigmentation (Figure 4.8A) was
characterized using PCR and Southern blotting. PCR amplification of the crtIBY ORF knockout
region (amplification diagram in Figure 4.3A-B) resulted in two bands (Figure 4.8B): one
equivalent in size to the product resulting from PCR amplification of the plasmid (crtIBY ORF
containing GZG; 3.6 kbp), and the other equivalent in size to the product resulting from
amplification of wildype genomic DNA (intact crtIBY ORF; 2.9 kbp). Southern blotting also
supported both the presence of ShBle integration in the genome of colony 34 (Figure 4.8C),
and the relative band size suggested that ShBle integration occurred in the crtIBY ORF.
This colony exhibits both the wildtype (carotenoid production) and knockout (zeocin
resistance) genotypes. Similar to the heterogeneity observed in fluorescent transformants (EZ,
pCY96-3 and pGpCY132), I hypothesized that this combination of phenotypes could be
explained by the transformation of a multinucleated cell. The transformation of a multinucleated
cell could result in a heterogeneous population within a single putative transformant colony if
different transformation events (or no transformation event) occurred in each nucleus present in
the cell. To test this hypothesis, mononucleate zoospores of zeocin-resistant colony 34 were
isolated from a 24 h, 5 ml GPYS culture by filtration with a 5 µm filter (Appendix 7.2.4) and
plated on GPYS plates containing 100 µg/ml zeocin and 100 µg/ml ampicillin. Plates were
incubated for 48 h at 26°C (12h light/ dark cycle). Resulting colonies displayed heterogeneous
phenotype having either white or orange pigmentation (Figure 4.8D).
Four orange (34O) and four white (34W) zoospore colonies were further characterized
by PCR amplification using LDHR and RDHR (Table 4.3) primers. These primers amplify from
within the GZG cassette into the genomic regions surrounding the crtIBY ORF (extending
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beyond the left and right arms of the Aurli_150841_GZG plasmid; Figure 4.8E). PCR
amplification of these eight zoospore colonies revealed at least four unique ShBle integration
events. Two different genomic integration events were identified by PCR amplification in the
isolated orange zoospores colonies (34O A-D). Zoospore colonies 34O-A and 34O-B amplified
the expected LDHR PCR product (i.e., disrupted upstream region) but produced non-specific
amplification in the RDHR PCR reaction (i.e., likely an intact downstream region). Conversely,
zoospore colonies 34O-C and 34O-D amplified the expected RDHR PCR product but no LDHR
PCR product. Similarly, two different amplification results were observed in the isolated white
zoospore colonies (34W A-D). All 34W zoospore colonies amplified the expected RDHR PCR
product, and all except 34W-A amplified the expected LDHR PCR product (Figure 4.8F).
Table 4.2 Primers used in the amplification of right (dhr_GAPDH_tF, dhr_150841_R) and left
arms of homology integration regions (dhr_150841_F, dhr_GAPDH_pR).
Primer

Dir.

Amplification

Sequence (5' to 3')

dhr_150841_F

FWD

Genomic 150841 primer for DHR,
upstream

AAGGCAATGGTGGTAAGTGG

dhr_150841_R

RVS

Genomic 150841 primer for DHR, down
stream

GGTTGGCGACAAGATCAACT

dhr_GAPDH_tF

FWD

in GAPDH near shble, amplifies away

AATAGCCCTCATCCCGTTTC

dhr_GAPDH_pR

RVS

in GAPDH near shble, amplifies away

TTCGTACCAGTCGGAACCTC
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Figure 4.8 Orange pigmented, zeocin-resistant transformant colony 34. (A) Streaked colonies
32, 33 (knockouts), and orange pigmented colony 34. (B) Gel electrophoresis of 150841_ORF
PCR amplification products. Diagram of PCR amplification in Figure 4.3A, B. Transformant
colonies 32 and 33, and the Aurli_150841_GZG transformation plasmid (pla) indicate GZGdisrupted crtIBY ORF (3.6 kbp) and wildtype (WT) indicates intact crtIBY ORF (2.9 kbp). Orange
pigmented, zeocin-resistant colony 34 has PCR product matching both the disrupted and intact
crtIBY ORFs. (C) Southern blotting using DIG-ShBle labeled probe and gel electrophoresis of
NdeI and HindIII double digested genomic DNA from zeocin resistant colonies 32, 33, 34. (D)
Two-day-old zeocin resistant colonies resulting from zoospore isolation of colony 34. (E)
Diagram of PCR amplification products using primer binding sites in genomic region outside of
crtIBY ORF (upstream of left arm, downstream of right arm) and within GZG. (F) Gel
electrophoresis of colony PCR amplification products using DHR_FWD and dhr_GAPDH-pR
(LDHR) primers and DHR_RVS and dhr_GAPDH_tF (RDHR) primers on 4 orange (34O) and 4
white (34W) zoospore colonies isolated from the zoospore isolation of colony 34.
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4.5

Discussion and conclusions

The DHR knockout of crtIBY was achieved in A. limacinum as shown in two colonies, 32
and 33, by electroporation of A. limacinum wildtype cells with 10 µg of AvrII digested
Aurli_150841_GZG transformation plasmid. Presumably haploid, A. limacinum required only a
single construct targeting the crtIBY coding region. Similarly the inactivation of a PUFA
biosynthesis gene, PFA1, in Schizochytrium sp. ATCC 20888 (Lippmeier et al., 2009) required a
single plasmid, whereas the inactivation of the PUFA biosynthesis genes, TauΔ12des, and
TauΔ5des, in the diploid Thraustochytrium aureum ATCC 34304 (Matsuda et al., 2012,
Sakaguchi et al., 2012), each required the use of two gene inactivation plasmids (i.e., two
different transformation systems targeting the same gene). Schizochytrium sp. ATCC 20888
18S rRNA groups together with A. limacinum, whereas Thraustochytrium aureum ATCC 34304
groups in a distant 18S rRNA cluster, which may reflect differences in ploidy. Targeted gene
inactivation by DHR was favored in transformations of Schizochytrium sp. ATCC 20888,
Thraustochytrium aureum ATCC 34304, and now in A. limacinum by incorporating arms of
homology. Here, PCR revealed the integration site of the transformation plasmid in the crtIBY
ORF of ten colonies (32, 33, 34O A-D, 34W A-D). Two arms of homology proved more effective
in targeted insertion than one as only 4 of the 6 18S rRNA-targeted transformants (Chapter 3)
integrated in the 18S region.
Colonies 32 and 33 as well as various nuclei within colony 34 underwent different crtIBY
disruption events. Transformant colony 32 integrated a single copy of the AvrII digested
fragment of interest (i.e., containing the crtIBY arms of homology flanking the antibiotic cassette)
into the crtIBY ORF by DHR at the homologous arms, as shown by Southern blotting and
nanopore sequencing. This targeted gene replacement resulted in the inactivation of crtIBY in
(homogeneous) colony 32 producing no pigmentation (white phenotype).
The integration event in colony 33 also resulted in the inactivation of crtIBY (shown by
nanopore sequencing) and the associated white phenotype yet occurred in a different way than
in colony 32. First, colony 33 contains three copies of the inactivation construct (i.e., resulting
from AvrII digestion; crtIBY arms of homology flanking the antibiotic cassette). For this to
happen, the transformation plasmid formed a concatemer within the cell (Kamisugi et al., 2006)
(Figure 3.1C). Also worth noting is that this concatemer includes two copies of the plasmid
backbone. This is possible because the digestion products were directly used in the
transformation (the fragment of interest was not isolated prior to transformation). This means
that digestion products including undigested (intact) plasmid, linearized plasmid (i.e., digested at
a single site), and both fragments resulting from double digestion (i.e., the fragment of interest
and the plasmid backbone) could have been integrated into the genome during transformation.
In Figure 3.1, the only depicted integration event resulting in targeted gene replacement is DHR
(Figure 3.1A). For colony 33 to have inactivated crtIBY a DHR integration event of the
concatemer would be required. A possible mechanism yielding the resulting genomic structure
of colony 33 would require a single digestion at the AvrII site in the left (upstream) arm of
homology in two copies of the plasmid that are then concatenated inside the cell with a fragment
of interest (i.e., crtIBY arms of homology flanking the antibiotic cassette) and integrated by DHR
resulting in targeted gene replacement of the crtIBY ORF. Alternatively, alternating
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concatenation of five fragments resulting from double digestion (i.e., fragment of interest,
plasmid backbone, fragment of interest, plasmid backbone, fragment of interest) will also yield a
product which upon integration via DHR will result in the genomic structure of colony 33.
Colony 34 contained nuclei that underwent at least four different integration events
yielding a population containing both intact and disrupted crtIBY ORF which resulted in
phenotypic heterogeneity. Colonies with an intact crtIBY ORF (orange phenotype) integrated the
construct (or a concatemeric product) by SHR and non-homologous end joining (NHEJ)
resulting in a targeted insertion, yet not a targeted gene replacement (Figure 3.1B). For this
targeted insertion to maintain an intact crtIBY ORF, the integration site would need to be located
upstream of the ORF start site in the left (upstream) arm of homology, or downstream of the
stop codon in the right (downstream) arm of homology. Colonies with orange pigmentation
(intact crtIBY ORF) (34O A-D) have either a disrupted left (upstream) arm of homology (i.e.,
LDHR amplification product: 34O A and B) or disrupted right (downstream) arm of homology
(i.e., RDHR amplification product: 34O C and D). Having both arms of homology disrupted, as is
observed in three of the four white (34W) zoospore colonies, is a result of DHR and results in
targeted gene replacement (crtIBY knockout). These colonies likely integrated at least one
fragment of interest (LA_GZG_RA) to confer zeocin resistance by DHR. Colony 34W-A has a
disrupted right arm of homology (i.e., RDHR amplification product) indicating the site of targeted
insertion of the construct. Colony 34W-A has an intact left arm of homology (i.e., no LDHR
amplification product), suggesting that the integration of the fragment of interest (i.e., left arm of
homology – GZG – right arm of homology) was likely by SHR and NHEJ at the right arm of
homology. The colony’s white pigmentation indicates a non-functional crtIBY protein suggesting
plasmid integration may have occurred within the crtIBY ORF. The right arm of homology does
overlap with the lycopene cyclase domains and the C-terminus of the crtIBY gene. If integration
of the fragment of interest (or concatemeric product) occurred upstream of the crtIBY stop
codon, a non-functional protein may be produced resulting in a white phenotype.
Transformant colonies 32 and 33 show robust zeocin resistance: no significant
difference is observed in the max yield when cultured in media containing 0 to 500 µg/ml of
zeocin. These findings diverge from previous observations of the wildtype strain (Figure 3.10A),
which had a significantly reduced max yield in all tested zeocin concentrations (50 - 500 µg/ml).
The robust antibiotic resistance of 32 and 33 suggests strong ShBle expression. Interestingly,
the growth curves of transformants 32 and 33 in varying concentrations of zeocin differ from
those of other ShBle transformants (EZ54, pCY96-3 and pGpCY132; Figure 3.15), indicating
that transformants 32 and 33 are more resistant to zeocin and unaffected by concentrations that
affected the growth of other transformants. This is further explored in Chapter 6.
Both colonies 32 and 33 exhibit genomic disruption in the crtIBY coding region indicating
that crtIBY is necessary for carotenoid biosynthesis in A. limacinum and the resulting
pigmentless phenotype suggests that no alternative carotenoid biosynthesis pathway is present,
supporting my initial hypothesis. Carotenoid pigmentation was not detected in the nutrient rich
(GPY) nine-day-old culture of transformant colony 32, and no difference was observed in growth
under standard culture conditions between the wildtype and transformant colony 32, suggesting
that carotenoid production is not essential to A. limacinum growth in standard culture conditions.
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This is the first example of genomic inactivation of carotenoid biosynthesis in thraustochytrids.
The production of stable carotenoidless A. limacinum strains enables a host of questions that
can be asked regarding the function and advantage that carotenoid production offers A.
limacinum.
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Chapter 5:

5.1

Carotenogenesis in the oxidative stress response of A. limacinum

Abstract

Intracellular reactive oxygen species (ROS) are a common byproduct of aerobic
respiration, a result of the precarious nature of the electron transport chains found in the
mitochondrion, membranes, and other organelles. At high concentrations, intracellular ROS can
be detrimental to the cell through oxidation of macromolecules. A cell enters oxidative stress
when intracellular ROS exceeds both of the cell’s enzymatic and non-enzymatic antioxidative
mechanisms. An example of a non-enzymatic antioxidative system are carotenoids which
quench nonradical ROS molecules like hydrogen peroxide (H2O2) and singlet oxygen (1O2) and
scavenge free radicals like superoxide anion (O2•−) and hydroxyl radical (•OH). This chapter
explores the effects of two of the most common ROS, hydrogen peroxide (H2O2) and singlet
oxygen (1O2; induced by exposure to methylene blue), on the growth of carotenogenic (wildtype;
WT) and non-carotenogenic (knockout; KO) A. limacinum strains in high- and low-nutrient media
conditions. Across varying growth formats (i.e., 96-well plates, agar plates, flasks), exposure to
ROS produced a growth delay in all strains. Growth of WT strain on 790 By+ agar plates with
0.05 mM MB resulted in a hyper-carotenoid accumulation phenotype relative to WT strain on
790 By+ agar plates with no methylene blue. Additionally, reduced growth rate and max yield of
KO strains in large cultures was observed when exposed to MB relative to WT strains under
matching conditions. These findings suggest singlet oxygen quenching is a functional role of
carotenoids in A. limacinum and likely a condition experienced in its native habitat of
decomposing mangrove leaves.
5.2

Introduction
Cellular oxidative stress responses

Although oxygen is essential for aerobic respiration, the presence of oxygen in the cell
results in the continuous formation of reactive oxygen species (ROS) by the mitochondrion as a
part of cellular metabolism (Vavilin, 1998). The mitochondrial synthesis of adenosine
triphosphate (ATP) requires several oxidative phosphorylation reactions in which, when one or
two electron-reductions of oxygen occur instead of four, hydrogen peroxide (H2O2) or
superoxide anion (O2∙−) are produced (Inoue et al., 2003). The most common ROS include
singlet oxygen (1O2), O2•−, H2O2, and hydroxyl radical (•OH) (Sharma et al., 2012). Elevated
ROS production may also result from nutrient excess stress (Wellen and Thompson, 2010).
ROS are detrimental to the cell because they readily react with nucleic acids, proteins, and
lipids (Inoue et al., 2003), esterified polyunsaturated fatty acids (PUFAs), such as
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biomembranes or storage lipids, are subject to peroxidation induced by ROS (Chapter 1:
1.1.3.3.2.1).
When ROS molecules are not balanced by antioxidative systems (molecular or
enzymatic), the cell enters oxidative stress. The oxidative stress state in the cell depends
directly on the rate of ROS production and on the enzymatic or molecular activity of the
oxidative stress response. ROS are directly quenched by antioxidant molecules such as
ascorbate, glutathione, carotenoids, tocopherols, and phenolics or antioxidative enzymes such
as superoxide dismutase, catalase, glutathione peroxidase, and ascorbate peroxidase (Table
1.2).
Hypothesis and experimental design
I hypothesize that a function of carotenoid accumulation in Aurantiochytrium limacinum
ATCC MYA-1381 (A. limacinum) is quenching ROS. In the previous chapter I developed a noncarotenogenic A. limacinum (crtIBY knockout, KO) strain that showed a relatively similar growth
curve to the wildtype (WT) strain when cultured in both high (GPY) and low (790 By+) nutrient
media (Figure 4.6). If carotenoids are involved in the oxidative stress response (OSR) of A.
limacinum, I expect that the carotenogenic WT and non-carotenogenic KO will exhibit differential
growth when cultured under oxidative stress conditions. I expose the WT and KO strains to
hydrogen peroxide (H2O2) and methylene blue (a source of singlet oxygen, 1O2 and superoxide
anion, O2•−) across a variety of formats: 96-well plates, large culture flasks, and agar plates in
search of a phenotype. The destructive mechanisms and quenching reactions of H2O2 and
methylene blue are explained below.
Hydrogen peroxide
Hydrogen peroxide is a relatively stable ROS and is one of the few ROS that can
permeate membranes (Bienert et al., 2007). Hydrogen peroxide can be detrimental to the cell
either by directly oxidizing protein residues and reducing enzyme function or by converting into
a more reactive species (in the presence of trace metals via Fenton reactions), such as •OH
(hydroxyl radical), which is the most reactive among all ROS (Sharma et al., 2012). In
eukaryotes, hydrogen peroxide is recognized as a signaling molecule involved in regulating
various biological processes, meaning that the cell has pathways to maintain H2O2 in a state of
equilibrium. Catalase or glutathione peroxidase directly convert H2O2 into water and oxygen
(Equation 1.2).
Methylene blue
Methylene blue is a photosensitizer (phenothiazinium dye) with common uses in redox
chemistry as an indicator dye (i.e., “blue bottle experiment”; Supplemental Figure 5.1) and in
medical applications. When exposed to light, methylene blue can react with oxygen to produce
singlet oxygen (1O2) and/ or superoxide ions (O2•−) (Figure 5.1).

89

Figure 5.1 Methylene blue chemistry. (A) Methylene blue states, transitions, and biproducts
(adapted from Junqueira et al., 2002 and Tardivo et al., 2005). MB+ is methylene blue ground
state, 1MB+* is singlet excited state, 3MB+* is triplet excited state, MB• is semi-reduced state (B)
Chemical reactions associated with methylene blue deactivation. (1) 3MB+* spontaneous decay,
(2) 3MB+* with molecular oxygen produces singlet oxygen, (3) redox suppression of 3MB+* by
reducing agents (R), (4) oxidation of MB• by molecular oxygen produces the ground state
methylene blue and superoxide. (C) Ground state (blue) and (D) semi-reduced (transparent)
state of methylene blue (adapted from Nassar et al., 2019).
Singlet oxygen occurs when sufficient energy absorption reverses the spin on one of the
unpaired electrons and it can no longer accept four electrons at a time to produce H2O. Singlet
oxygen is hazardous to the cell because it directly oxidizes proteins, unsaturated fatty acids,
and DNA (Sharma et al., 2012). Singlet oxygen quenching can be achieved physically or
chemically (Petrou et al., 2018). In physical quenching, energy or charge transfer deactivates
singlet oxygen to the ground oxygen state. No oxygen consumption or product is formed. Both
α-tocopherol and carotenoids are capable of quenching singlet oxygen. For energy transfer, the
energy level of the quencher must be similar to that of singlet oxygen, this is possible with
carotenoids that have 9 or more conjugated bonds. In chemical quenching, singlet oxygen
oxidizes the quencher.
Superoxide anion (O2•−) is the primary ROS generated through electron leakage of the
electron transport chain in the mitochondrion, and the cell is equipped with conserved enzymes,
such as superoxide dismutase, to convert O2•− to H2O2 and oxygen (Equation 1.1).
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Superoxide anion can also be quenched by astaxanthin (Maoka, 2020), an oxygenated
carotenoid (xanthophyll) produced by A. limacinum (Burja et al., 2006).
5.3

Methods
Pigment extraction

From 235 h cultures of strain 32 and wildtype grown in 790 By+ and GPY, 1.5 ml of cells
(corresponding to a mass of 43 mg and 74 mg, respectively) were pelleted. To each tube, 250
mg of 0.5 mm glass beads and 1 ml of 100% acetone was added, vortexed for 30 min, and then
centrifuged for 15 min at 4000 rpm, RT. The absorbance of the supernatant was measured by
spectrophotometry (every half nanometer from 400 - 800 nm). Spectra were zeroed at 600 nm.
The absorbance value at 454 nm, the extinction coefficient of β-carotene in acetone (134 x 103
mol-1 cm-1), and the molar mass of β-carotene (536.88 g/mol) were used in the conversion of
absorbance to pigment mass (mg/ g wet cell biomass) (Jeffrey et al., 1997). This carotenoid
extraction protocol was optimized for A. limacinum (Supplemental Material 5.1).
Exploring compounds that induce oxidative stress and promote carotenoid accumulation
The chemical stressor plate experiments were performed in collaboration with Xegfred
Lou Quidet. Two percent agar plates were made from 790 By+ and GPY media. A. limacinum
precultures (< 24 h) of wildtype cells (WT) and the two knockout strains (32 and 33) in each
respective media were used to inoculate 25 ml media. After 3 days of growth, 1 ml of culture
was spread using glass beads (2 mm) on corresponding solid media plate. Seven 1.3 cm wide
filter paper pads (Whatman Maidstone, UK) were placed equidistant across the surface of the
agar plate and 10 μl of varying chemical agents (Table 5.1) was added to each filter pad. To
one filter pad, 10 μl of artificial seawater (1.8 %) was added as a control. Plates were incubated
at room temperature under fluorescent light (24 h light exposure) and photographed daily.
Radius of clearance was measured using ImageJ 1.52a (Schneider et al., 2012).
Table 5.1 Compounds and respective concentrations used in agar plate experiments.
Number
1
2
3
4
5
6
7

Compound
Hydrogen peroxide
Methylene Blue
Copper (II) sulfate
Sodium chloride
Acetic acid
Dithiothreitol (DTT)
Artificial Seawater (Control)

Concentration
880 mM
4.0 mM
10 g/L
50 g/L
833 mM
1.0 M
1.8 %

Inducing oxidative stress response using hydrogen peroxide (H2O2)
Hydrogen peroxide growth experiments were performed in collaboration with Xegfred
Lou Quidet. The propidium iodide assay was developed and evaluated for use as a viability
stain in A. limacinum in collaboration with Elizabeth Yaboni.
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Growth of H2O2 exposed A. limacinum WT and KO strains in 96-well plates
Overnight precultures (~18 h, 28°C, 171 rpm) of three A. limacinum strains (WT, 32, 33)
grown in two media (2 ml GPY and 790 By+) were loaded into a 96-well plate with various
hydrogen peroxide (Fisher Chemical Waltham, MA) concentrations (0 mM – 25 mM) in GPY or
790 By+ at a starting optical density (OD600) of 0.1. Optical density was measured (multiple
reads per well) using the Infinite 200 PRO plate reader (Tecan, Männedorf, Switzerland) at 595
nm for 5 days. The mean of triplicate well optical density reads were standardized using the
mean of triplicate media wells and plotted with R 3.6.0.
Developing a viability assay in A. limacinum with propidium iodide
Propidium iodide (PI) permeates membranes of dead or necrotic cells and binds to nucleic
acids, creating a detectable fluorescent signal specific to dead cells. To evaluate PI in A.
limacinum, a viability gradient (100%, 75%, 50%, 25%, and 0% alive cells) was used. Cells were
cultured in 790 By+ media at 28°C, 171 rpm, (24 – 200 h) rinsed three times in DI water,
resuspended in ASW, and an aliquot was heat-killed by incubation at 95°C for 3 minutes. A
viability gradient of mixed proportions of live and dead cells (100:0, 75:25, 50:50 25:75, 0:100)
was used to evaluate propidium iodide (PI) as a reliable assay for assessing cell death in A.
limacinum. Prior to fluorescence quantification cells were incubated in the dark with a final
concentration of 3 µM PI (stock = 2.5mg/ml, 3.7 µM, dissolved in water) for twenty minutes. PI
fluorescence was determined using fluorescence microscopy, bulk fluorescence (plate reader),
and single cell fluorescence (flow cytometry) (Figure 5.2).
Fluorescence microscopy was performed on a ZEISS Axio Observer (ZEISS
Oberkochen, Germany) using ZEN 3.0 (Blue edition) software for imaging. Cells from each of
the viability gradient proportions were imaged at 100X resolution using the excitation band for
RFP (555/ 30 nm) and brightfield. Fluorescence microscopy revealed a decline in the number of
fluorescent cells as the cell gradient decreased in the proportion of dead cells (Figure 5.2A).
The forward scatter, side scatter, and fluorescence in the PE-TexasRed channel of 5day old single cells was measured using the LSR Fortessa (BD Biosciences San Jose, CA) and
quantified using Flowing Software 2.5.1 (Terho, 2013). The histograms of PE-Texas Red
fluorescence were divided into quadrants of high and low fluorescence according to the
distribution of 100% dead (heat-killed) cells (Figure 5.2B, first row). The difference in the
fluorescence distributions between the 100% dead cells and each mix of live:dead cells was
calculated to determine the percent dead observed (x-axis) and plotted relative to the percent
alive expected (y-axis) using R 3.6.0 (Figure 5.2C). A shift is apparent here, where the lowest
percent dead is ~30%. This elevated death percent dead fraction may be a product of using
stationary (5-day old) cells. A strong linear relationship is observed (R2= 0.98).
Bulk fluorescence was quantified on triplicate wells (black-bottom 96-well plate) of each
viability gradient proportion by the Infinite 200 PRO plate reader (Tecan, Männedorf,
Switzerland) at excitation wavelength 530 nm and the emission wavelength 590 nm. R 3.6.0
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was used to plot mean and standard deviation (Figure 5.2D). Bulk fluorescence readings also
reveal a strong linear relationship (R2= 0.97) where fluorescence decreases with the increasing
fraction of live cells. Fluorescence microscopy, bulk fluorescence measurements, and single cell
fluorescence measurements indicate that propidium iodide is a reliable viability stain in A.
limacinum.

Figure 5.2 Propidium iodide assay in A. limacinum using a heat-killed gradient (0, 25, 50, 75,
100% alive). (A) Fluorescence microscopy (100X) using RFP. Scale bar indicates 100 µm. (B)
Left column: histogram of PE-Texas-Red-A fluorescence intensity. Center column: cell
distribution as a function of forward scatter (FSC-A, x-axis) size distribution versus PE-TexasRed-A fluorescence (y-axis). Right column: The difference in the histogram distribution between
the assayed viability gradient and 0% dead (right quadrant). (C) Plot of the expected cell death
(0, 25, 50, 75, 100%) and the observed cell death (relative to ~0% dead histogram distribution)
derived from flow cytometry data, R2= 0.98. (D) Fluorescence of 96-well (black-bottomed) plate
containing mixed proportions of dead and live cells stained with propidium iodide, R2= 0.97.

Assessing viability of H2O2-exposed A. limacinum with propidium iodide
The viability of cells exposed to hydrogen peroxide was determined by using overnight
precultures of WT, 32, 33 grown in 790 By+ media (28°C, 171 rpm, 5 ml). Cells were washed
three times in distilled water and aliquots were heat-killed to serve as a control for maximum PI
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fluorescence (100% dead). Cells were loaded into wells of a black-bottomed 96-well plate at an
initial optical density (OD600) of 0.5 containing either a combination of hydrogen peroxide and
media, or media alone to serve as a control for the minimum expected PI fluorescence (~100%
alive). Following addition of PI (3 μM final concentration), cells were incubated in the dark at
room temperature for twenty minutes. Fluorescence was measured at excitation 530 nm/
emission 590 nm every twenty minutes for the first five hours and then once every hour for the
subsequent ten hours. Data processing and analyses were performed in R 3.6.0.
Methylene blue induced oxidative stress in A. limacinum (WT and KO)
Methylene blue experiments in 96-well plates, in large cultures, and on agar plates were
performed in collaboration with Michael Horowitz.
Growth of MB exposed A. limacinum (WT and KO) in 96-well plates
A. limacinum precultures in 790 By+ or GPY (28°C, 171 rpm, ~24h) were used to
inoculate 25 ml cultures of corresponding media and grown for 3 days. Cultures were used to
inoculate wells of corresponding media with varying concentrations of MB (0 – 25 mM MB) at a
starting optical density (OD600) of 0.1. Plates were maintained under fluorescent lighting (24 h
light exposure) on a 96-well plate shaker at 1300 rpm, 30°C and optical density of technical
triplicates (OD600) was measured at least twice a day using multiple reads per well on the Infinite
200 PRO plate reader (Tecan, Männedorf, Switzerland). The mean of the technical replicates
was blanked using respective control wells (790 By+ with corresponding mM MB). The data
were processed and graphed in R 3.6.0.
Growth of MB exposed A. limacinum (WT and KO) in large cultures
Precultures of WT and KO strains (32 and 33) (5 ml 790 By+, 28°C, 171 rpm, ~24h)
were used to inoculate 25 ml 790 media in 250 ml flasks. After three days of growth, cultures
were centrifuged and then resuspended in 25 ml 790 By+ media and diluted to an optical
density (OD600) of 0.25 in 50 ml 790 By+ with MB (0, 0.05, 0.1, or 1.0mM). Growth was
measured every 10-12 hours by triplicate optical density reads (OD600; multiple reads per well)
using the Infinite 200 PRO plate reader (Tecan, Männedorf, Switzerland) over 50-60 hours. The
mean of the technical replicates was blanked using respective control wells (790 By+ with 0,
0.05, 0.1, 1.0 mM MB). The data were processed and graphed in R 3.6.0. The shift in the blue
hue of MB (a result of differential MB reduction) in the cultures over time and its implications for
optical density reads are discussed in Supplemental Material 5.2.
Growth of A. limacinum (WT and KO) on MB agar plates
Both 790 By+ and GPY agar (2%) plates were made containing 0, 0.05, and 0.1 mM
MB. WT and KO (32) precultures, in GPY and 790 By+ (28°C, 171 rpm) were used to inoculate
25 ml of GPY and 790 By+. Respectively, 300 µl and 500 µl were plated using 2 mm diameter
glass beads. Plates were left at room temperature under a fluorescent light (24 h light exposure)
with the lid facing down for the first 48 hours and then with the lid facing up. In the first
experiment, photographs of the plates were taken every day and cells were scraped and
collected by centrifugation at 8 days of incubation. For the second experiment, one of five
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replicate plates was scraped at each day (1- 5 days following plating) and cells were collected
by centrifugation.
5.4

Results
Effect of high and low nutrient growth conditions on carotenoid accumulation in A.
limacinum

An example of a non-enzymatic (i.e., molecular) antioxidative system in A. limacinum is
carotenogenesis. A. limacinum exhibits elevated carotenoid accumulation when cultured in highnutrient media conditions (GPY) relative to low-nutrient conditions (790 By+) (Figure 5.3).
Elevated carotenoid accumulation in nutrient rich media may be a result of elevated ROS
production resulting from nutrient excess (Wellen and Thompson, 2010). Pigment extracts from
knockout (32) strain did not yield carotenoids in either media (Supplemental Figure 5.2).

Figure 5.3 Absorbance spectra of acetone-extracted pigments of wildtype (WT) following 235 h
culture in GPY and 790 By+ media. Inset photo provides visual of pigmentation differentiation
between pelleted cells cultured in both media. Pigment content in mg/g wet weight.
Exploring compounds that induce oxidative stress and promote carotenoid accumulation
Across both media conditions (790 By+, GPY) and all strains (WT, 32, 33) hydrogen
peroxide (880 mM) was observed to create the largest zone of clearance of all compounds
tested (Figure 5.4A). Zones of clearance were also observed in methylene blue, acetic acid,
DTT, and copper (II) sulfate treatments across the two media.
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The differential pigmentation between strains (WT, 32, and 33) was most apparent on
GPY plates, where the WT strain exhibited a high carotenoid accumulation phenotype, and no
pigmentation was observed in the KO strains (32, 33). Consistent with WT 790 By+ liquid
cultures (Figure 5.3), WT on 790 By+ solid media exhibited low carotenoid accumulation. A
physiological response worth noting was observed on the 790 By+ WT plate, where an orange
pigmented ring of growth surrounded the 4 mM methylene blue filter pad treatment (Figure 5.4
B). This pigmented ring formed the perimeter to the zone of growth inhibition surrounding the 4
mM methylene blue filter pad. These observations indicate the varying effects of a methylene
blue gradient on the growth and physiological response of A. limacinum in 790 By+ media.
Higher methylene blue concentrations (closer to the 4 mM filter pad treatment) may completely
inhibit the growth of A. limacinum, where reduced methylene blue concentrations (farther from
the filter pad) may induce carotenogenesis in A. limacinum. In GPY cultured WT cells, no MBinduced zone of inhibition was observed following four days of growth, although zones of
inhibition were present initially (i.e., Day 1 and 2) (Supplemental Figure 5.3).

Figure 5.4 Chemical Stressor Plate Experiment (Day 4). (A) A. limacinum wildtype (WT) and
knockout (32 and 33) cells grown as a lawn on 790 By+ (top row) and GPY (bottom row) with a
variety of compounds on each filter pad. 1 = hydrogen peroxide (880 mM), 2 = methylene blue
(4.0 mM), 3 = copper (II) sulfate (10g/L), 4 = sodium chloride (50 g/L), 5 = acetic acid (833 mM),
6 = DTT (1.0 M), 7 = ½ ASW (control, 1.8%). (B) Zoom in on orange pigmentation of wildtype
cells surrounding 4 mM methylene blue filter paper on 790 media.
Inducing oxidative stress response using hydrogen peroxide (H2O2)
Growth of H2O2 exposed A. limacinum WT and KO strains in 96-well plates
A. limacinum WT and KO (32 and 33) strains cultured in 790 By+ and GPY media with
varying concentrations of H2O2 showed variation in growth between media, strain, and H2O2
concentration (Figure 5.5, Supplemental Figure 5.4). First, cells grown in 790 By+ media
(nutrient poor, low carotenoid production) displayed greater sensitivity to H2O2 relative to cells
grown in GPY media (nutrient rich and high carotenoid production). All three strains in 790 By+
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displayed an initial delay (>20 h) in growth when cultured in 2.5 mM H2O2 in 790 By+, with no
apparent difference between the growth curves of WT and KO strains in 790 By+. No delay in
growth was observed in GPY-cultured WT, 32, or 33 in 2.5 mM H2O2. Second, an initial delay,
>20 h, is present in both GPY-cultured KO strains, 32 and 33, when exposed to 3.5 mM H2O2.
WT cells do not exhibit a delay in growth at 3.5 mM H2O2 (i.e., growth at all H2O2 concentrations
resemble growth at 0mM H2O2).

Figure 5.5 A. limacinum WT and KO (32, 33) growth curves (optical density) when cultured in
790 By+ liquid media with 0, 0.5, 1, 2.5, 3 mM H2O2 and in GPY media with 0, 1, 2.5, 3, 3.5 mM
H2O2. Error bars represent standard deviation of three technical replicate wells.
Assessing cellular viability of H2O2-exposed A. limacinum with propidium iodide
To address whether the delay in growth observed in 790 By+ cultured WT, 32, and 33
strains in 2.5 mM H2O2, was due to cell death, propidium iodide (PI), a viability stain was used to
determine the mortality of A. limacinum through exposure to various concentrations of H2O2. PI
stained, H2O2-exposed A. limacinum cultures (in 790 By+ media) revealed a rapid mortality rate
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(100% dead in 4 hours) in 100 mM H2O2 and a gradually slower mortality rate (100% dead in
>10h) of cells in 3 mM H2O2 (Figure 5.6). The decrease in fluorescence signal of heat-killed
controls (HS, HS100) is likely attributed to photobleaching resulting from the high frequency and
number of reads. Additionally, having both a heat-killed (HS) and heat-killed control with 100
mM H2O2 (HS100) revealed no difference in the fluorescence of heat-killed cells with and
without H2O2, suggesting that H2O2 does not disrupt PI fluorescence. Cells without H2O2
exposure (0 mM) displayed a slight increase in fluorescence likely reflecting natural cell death.

Figure 5.6 Fluorescence of PI-stained A. limacinum WT and knockout (32 and 33) strains
exposed to 100 and 3 mM H2O2 for 20 h. C = seawater control (with PI and 0 mM H2O2). HS =
heat-killed control (100% dead cells), HS100 = heat-killed control with 100 mM H2O2.
Methylene blue induced oxidative stress in A. limacinum (WT and KO)
Methylene blue can be used to generate ROS (Figure 5.1). Through light exposure,
excited methylene blue (3MB+) reacts with oxygen to produce the ROS singlet oxygen (1O2) as it
returns to the ground state (MB+). The oxidation of reduced methylene blue (MB•) by oxygen
generates superoxide anion (O2•-) as it returns to the ground state (MB+).
Growth of MB exposed A. limacinum (WT and KO) in 96-well plates

98

Consistent with the chemical stressor plate experiments (Figure 5.4, Supplemental
Figure 5.3), KO and WT strains growth was delayed (5 – 24 h) when exposed to methylene
blue (in 790 By+ media) in 96-well plates (Figure 5.7). Growth of cells exposed to 2 mM MB
was inhibited. Cells cultured in methylene blue concentrations between 0.5 – 2.0 mM MB
exhibited significantly delayed growth (~24 h), while cells cultured at 0.1 mM MB displayed a
shorter delay (~ 5 h) followed by slow growth (5 to 24 h). No differences between the growth of
the WT and KO strains were observed over the range of MB concentrations tested in 96-well
plates.

Figure 5.7 Growth curves of 3-day precultured WT and KO strains (32 and 33) in 96-well plates
exposed to 0, 0.1, 0.5, 1.0, 1.5, 2.0 mM MB over 28 h. Error bars represent standard deviation
of three technical replicate wells.
Growth of MB exposed WT and KO A. limacinum strains in large cultures
Methylene blue exposure affected the growth of WT and KO (32 and 33) strains in large
cultures (Figure 5.8). Unlike 96-well plate MB-exposed strains, the WT strain cultured at 0,
0.05, and 0.1 mM MB exhibited a greater max yield (at 72 h) than KO strains under any
conditions. The difference in growth between the KO and WT strain at 0 mM 790 By+ was not
observed previously (Figure 4.6). This is further examined in the Discussion (5.5). KO strains
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(32 and 33) cultured at 0.05 mM and 0.1 mM MB exhibited a growth delay of ~12 hours, and a
slower relative growth rate in 0.1 mM MB once growth began.

Figure 5.8 Growth curves of WT and KO strains 32 and 33 in 50 ml cultures in 250 ml flasks of
790 By+ media with 0, 0.05, and 0.1 mM MB following 3-day preculture.
Growth of A. limacinum (WT and KO) on MB agar plates
WT and KO (32) cells cultured on agar with 0.05 mM and 0.1 mM MB exhibited
differential responses in growth, pigmentation, and methylene blue reduction (Figures 5.9, 5.10
and Supplemental Figures 5.5, 5.6, 5.7). Resulting pellets (following 8 days of growth)
revealed elevated pigmentation in WT cells grown on 790 By+ media with 0.05 mM MB relative
to those grown without MB (Figure 5.9). Plate photographs suggest increased relative
pigmentation of 0.05 mM MB WT cells starting at day 3 and increasing over time
(Supplemental Figure 5.5). Following 8 days of growth, significant biomass had accumulated
on GPY plates for both strains (Supplemental Figure 5.6). Lastly, KO (32) cells grown in 790
By+ media with 0.1 mM MB appear to have a greater reduction of MB relative to WT cells grown
in matching conditions (Figure 5.9).
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Figure 5.9 WT and KO (32) cells scraped and pelleted from agar plates after 8 days of growth
in 790 By+ with 0, 0.05, 0.1, 0.25, and 0.5 mM MB. Pellets reveal relative differences in growth,
pigmentation, and methylene blue reduction.
Daily scraping of WT cells grown on 790 By+ media with 0 and 0.05 mM MB clearly
supported an initial delay in growth and an increase in pigmentation in cells grown in 0.05 mM
MB versus 0 mM MB (Figure 5.10). Between day 3 and day 4, cells grown in 0.05 mM MB
exhibit a striking increase in biomass (Supplemental Figure 5.7). By day 5 the pigmentation of
0.05 mM MB cultured cells shifted from a blue to orange hue.

Figure 5.10 WT cells were scraped from 790 By+ agar plates containing 0 and 0.05 mM MB.
Plates were 5 replicates.
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5.5

Discussion

Increased pigment accumulation is observed when culturing WT A. limacinum in high
nutrient (GPY) relative to low nutrient (790 By+), which may reflect a physiological response to
nutrient excess stress and elevated ROS production (Wellen and Thompson, 2010). The
observation of the WT and KO strains grown in GPY having similar growth does not reject the
hypothesis of the function of carotenoids in quenching ROS. Although GPY cultured cells may
experience nutrient excess stress and elevated ROS, alternative antioxidative systems used by
GPY-cultured KO cells may conceal the ROS quenching function of carotenoids in these growth
conditions by preventing the cell from entering oxidative stress. To test the hypothesis of
alternative antioxidative system use by the KO strain in avoidance of oxidative stress state,
multiple approaches can be taken. These include transcriptomic analyses to determine gene
expression of antioxidative systems in GPY-cultured KO cells, as well as biochemical
(enzymatic or molecular) assays to determine intracellular ROS or antioxidative enzyme activity.
I would expect that either approach would reveal elevated expression or function of alternative
antioxidative systems.
The growth of A. limacinum on agar plates was altered through exposure to several
compounds including hydrogen peroxide (880 mM), methylene blue (4 mM), acetic acid (833
mM), DTT (1.0 M), and copper (II) sulfate (10 g/L). These compounds yielded zones of inhibition
immediately surrounding the treated filter pads. Methylene blue was the only compound to
induce a visibly elevated carotenogenic phenotype. It is possible that this elevated
carotenogenic phenotype was in response to an increase in ROS (singlet oxygen and
superoxide anion) that is generated in methylene blue light and oxygen exposure.
Greater sensitivity to H2O2, in the form of longer growth delays at lower H2O2, was
observed in 790 By+ WT cells, which produce less carotenoids relative to GPY cultured cells. It
is possible that the difference in H2O2 sensitivity is a result of the differential carotenoid content
of the cells in different media. This is also supported by the increased sensitivity of the KO
strains (32 and 33) relative to the WT strain in GPY media with 3.5 mM H2O2. Yet, it is likely that
factors other than carotenoid content contribute to the sensitivity of the cells in H2O2 exposure,
which may explain the elevated sensitivity of the WT strain in 790 By+ media relative to the KO
strain in GPY media. GPY media may be a source of nutrient excess stress (Wellen and
Thompson, 2010) resulting in the activation of alternative oxidative stress response genes that
activate the cell’s defenses decreasing sensitivity in hydrogen peroxide exposure.
A. limacinum cell death occurred in a dose-dependent manner when exposed to
concentrations of hydrogen peroxide higher than 3 mM H2O2. In addition to ROS function, H2O2
is recognized as important in redox homeostasis regulation (Bae et al., 2011) as well as
regulating kinase-driven pathways (Gough and Cotter, 2011). The observed difference in the
rate of cell death, which positively correlated with the concentration of H2O2 exposure, may be a
result of varying expression of regulatory pathways (Suzuki-Karasaki, 2013).
In large cultures, WT and KO strains exhibited differences in growth that were not
previously observed. Figure 4.6 revealed similar growth between KO and WT strains, whereas
Figure 5.8 indicated slower growth in the KO strains (32 and 33). The growth discrepancy
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between these two experiments may be a product of a difference in the preculture and culture
methods. Preculture conditions were consistent across both experiments (5 ml, 28°C, 171 rpm,
overnight), although previously (Figure 4.6) the preculture was used to immediately inoculate a
culture volume of 50 ml, whereas here (Figure 5.8), precultures were used to inoculate a 25 ml
culture which following three days of growth was used to inoculate a culture volume of 50 ml
(MB culture flasks). This difference in preculture conditions may be responsible for the variation
in growth curves between the KO and WT strains in the two experiments.
Yet, between the 96-well plate and large flask culturing means, (which both have a 3day preculture period) a difference in the relative growth between the WT and KO strains is still
apparent. In 96-well plates, all strains (WT, 32, 33) exhibited very similar growth with and
without MB (only one replicate at these concentrations). When the strains are cultured in large
flasks, a difference in the growth between the WT and KO strains is observed. Both experiments
(96-well plate and culture flasks) followed consistent preculture methodologies (24 h preculture
used to inoculate a 25 ml culture grown for three days). In the culture experiments, the initial
OD600 was 0.25 relative to 0.1 in the 96-well plates. KO strains (32 and 33) exhibited a reduced
max yield and slower growth in the culture experiment. Replication of both experiments will aid
in determining whether the observations in growth are consistent. It is possible that the elevated
initial optical density is a source of relative differences in growth, or that different growth formats
(96-well plate, 250 ml flask) amplify methylene blue ROS production in a format-specific
manner.
Methylene blue is often used as a redox indicator dye. Upon reduction, methylene blue
turns colorless, when methylene blue is oxidized, the solution returns to the blue hue for which it
is named. I hypothesize that under the shaking conditions of the flask cultures, continual oxygen
supply may have enhanced ROS production of MB. In addition to singlet oxygen, oxidation of
the reduced form of methylene blue will introduce superoxide anions. This may be another
source of variation in growth of WT and KO strains between 96-well plate and flask. A difference
in the intensity of methylene blue was observed across cultures (Supplemental Material 5.2),
suggesting variation in methylene blue reduction. A more reduced form (diminished intensity) of
methylene blue was observed in the WT cultures relative to the KO strain cultures at 24 h. The
difference in intensity is more prominent at higher methylene blue concentrations. This
difference in MB reduction (transparency) may be due to the variation in optical density between
the WT and KO strains at 24 h.
The difference in growth of the WT and KO strains when exposed to various ROS
compounds through large flask culturing in MB may be a result of the efficiency of the
antioxidative responses used. Carotenoids are particularly efficient in quenching singlet oxygen
as it does not result in the degradation of the molecule, rather requires only a change in the
energy state of the carotenoid (Schroeder and Johnson, 1995). In 96-well plates, this difference
in efficiency may not have been apparent due to the relatively small scale and lack of
continuous oxygen supply and oxidation of methylene blue. It may be in the continuous
production (chronic stress) of ROS via methylene blue exposure and oxygen supply or the
diversity of ROS through the oxidation of reduced methylene blue that the efficiency of
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carotenoids as an antioxidative response mechanism (particularly in quenching singlet oxygen)
really stands out.
Agar plate experiments containing methylene blue revealed the effect on carotenoid
accumulation in WT cells. Particularly at 0.05 mM MB (790 By+ media), WT cells displayed
elevated pigment accumulation relative to WT cells with 0 mM MB. Whether WT cells in 790
By+ media liquid cultures (large flasks) with 0.05 mM MB contained elevated carotenoid
accumulation was not discernible because of interference from the blue hue of methylene blue
present in the liquid media. Pigment visualization and extraction may be possible with the use of
a reducing agent (Supplemental Material 5.2). I hypothesize that the jump in WT biomass
between day 3 and day 4 is enabled through an increase in carotenoid accumulation. This can
be tested by replicating the experiment in KO and WT strains and quantifying biomass.
In summary nutrient excess stress (growth in GPY) may activate oxidative stress
response pathways enabling the cell’s oxidative stress response upon exposure to hydrogen
peroxide. This may be through activation of a pathway other than carotenoid production, which
could be determined using transcriptomics to determine a broader network activation relative to
cells grown in non-nutrient excess conditions (i.e., 790 By+). The absence of nutrient excess
stress in WT and KO cells cultured in 790 By+ may be the source of relative elevated sensitivity
when exposed to hydrogen peroxide. Between the KO and WT strains cultured in GPY (likely
experiencing nutrient excess stress), the absence of carotenoid production in the KO may be
the source of the relative elevated sensitivity when exposed to hydrogen peroxide. Further
replication is necessary to determine whether the difference in growth between the KO and WT
strains in large cultures with methylene blue is consistent. The chronic stress conditions of
continuous ROS supply and the diversity of ROS through oxidation of reduced methylene blue
(superoxide anion production) may indicate a difference in efficiency between carotenoids and
the alternative antioxidative mechanism used in the KO strains that can be further investigated
through biochemical and transcriptomic analyses.
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Chapter 6:

6.1

Synthesis

Summary of findings

The objective of this dissertation was to elucidate the physiological functions of
carotenoids in the marine heterotrophic eukaryote, Aurantiochytrium limacinum ATCC MYA1381 (A. limacinum). This objective was addressed through the investigation of the evolutionary
origins of the carotenoid biosynthesis genes in A. limacinum, the development of genetic tools
enabling the inactivation of the carotenoid biosynthetic pathway in A. limacinum, and through
physiological experiments comparing the wildtype (WT) and knockout (KO) strains in oxidative
stress conditions.
Phylogenetic analyses of the genes involved in carotenoid and retinal biosynthesis (crtB,
crtI, crtYc/d, blh) revealed a shared ancestry between a diverse group of protists, (SAHNTO):
the thraustochytrids Schizochytrium aggregatum ATCC 28209, A. limacinum, and Hondaea
fermentalgiana, the dinoflagellates Noctiluca scintillans and Oxyrrhis marina, and the
apusomonad Thecamonas trahens. The SAHNTO cluster grouped with strong support within a
previously recognized phylogenetic lineage containing Actinobacteria, Bacteroidetes, and
Archaea (ABA) in phylogenies for crtB and crtI and was also present in phylogenies for crtYc/d
and blh where ABA dominated the tree. SAHNTO members were either absent or did not cluster
together in phylogenies where ABA as a phylogenetic lineage was absent (crtY/crtL and rpe65,
respectively).
Several challenges were overcome in the development of a reliable transformation
system in A. limacinum. The use of nourseothricin (and its respective antibiotic resistance gene,
nat1) in the selection of A. limacinum transformants proved ineffective because of spontaneous
WT growth at the high plating densities required for selection after electroporation since only a
small portion of cells were transformed. Both resistance genes of G418, nptI and nptII, were
tested in the development of a transformation system for A. limacinum, with both working
endogenous GAPDH and exogenous (S. cerevisiae) TEF promoter-terminator systems, but both
resulted in no transformants. Finally, the use of zeocin and its respective antibiotic resistance
gene, ShBle, yielded six stable (genomic integration of ShBle) zeocin resistant transformants.
This transformation system was successfully expanded to express fluorescent proteins yeGFP
and mCherry in A. limacinum.
The trifunctional carotenoid biosynthesis gene, crtIBY, was targeted for inactivation by
double homologous recombination (DHR) using two 2 kbp arms of homology flanking the
antibiotic resistance cassette (endogenous GAPDH driven ShBle). At least four different
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mechanisms of integration of the inactivation construct were observed in resulting zeocin
resistant transformants, these being DHR, NHEJ/ SHR in the region upstream or downstream of
the crtIBY ORF, and concatenation with insertion by DHR. Transformant strain 32 had no
detectable pigments nor did it differ from the WT in growth rate or max yield when cultured in
high or low nutrient media (GPY, 790 By+, respectively).
A striking difference between the crtIBY KO strains (32 and 33) and the transformants
generated by the fluorophore plasmids (pUC19-18GeZG, pCY, and pGpCY) was the robust
growth of 32 and 33 when cultured in high zeocin (500 µg/ml) media relative to the significantly
reduced max yield observed in 18GeZG, pCY, and pGpCY transformants. Although the
integration site of ShBle in EZ54, pCY96-3, and pGpCY132 was not verified, the transformation
plasmids used to generate these transformants targeted insertion into the 18S rRNA genes.
Nanopore sequencing of WT, 32, and 33 revealed that 18S rRNA genes are found in repeat-rich
regions on the ends of each chromosome (E Lavington, JL Collier, JS Rest personal
communication). It is possible that integration in the 18S rRNA region may result in reduced
expression of the resistance cassette relative to integration in the crtIBY ORF. It is currently
unknown whether this chromosomal structure is unique to A. limacinum or conserved across
other thraustochytrids (or labyrinthulomycetes, stramenopiles, protists, etc.). Other differences
among the transformants include the yeGFP fusion with ShBle in 18GeZG and the promoters in
pCY and pGpCY, which both use exogenous (S. cerevisiae) TEF to drive ShBle, rather than the
endogenous GAPDH promoter used to drive ShBle in transformants 32 and 33.
When cultured in flasks, KO strains exhibited extended growth delays relative to the WT
strains in methylene blue (MB) media (0.05 and 0.1 mM MB) suggesting a function of
carotenoids in quenching reactive oxygen species produced by MB. Similarly, in GPY (high
nutrient media and elevated carotenoid production conditions), the KO strain exhibited
increased sensitivity to hydrogen peroxide (in the form of an initial delay in growth) relative to
the WT, again suggesting a function of carotenoid activity in oxidative stress conditions.
Alternative ROS detoxification mechanisms may have been involved in the elevated reduction of
MB in KO cells (32) relative to WT cells when cultured on 790 By+ agar plates with 0.1 mM MB
and in the reduced sensitivity of GPY cultured KO cells relative to 790 By + WT cells when
exposed to H2O2. On agar plates, the elevated carotenoid accumulation of WT cells grown on
790 By+ with 0.05 mM MB further supports the role of carotenoid production in the cell’s
oxidative stress response.

6.2

Future Directions

Environmental genomic fragment studies (McCarren and Delong, 2007) reveal a link
between rhodopsin genes and retinal biosynthetic genes, where one third of all proteorhodopsin
containing fragments also contain carotenoid and retinal biosynthesis genes (crtB, crtI, crtYc/d,
blh). Together, proteorhodopsin and retinal form a functional photosystem which can be used in
proton pumping, ion pumping, light sensing, gene regulation, etc. Previous rhodopsin
phylogenies (Pinhassi, et al., 2016) indicate clustering between Halobacteria (Archaea),
Thecamonas trahens, Oxyrrhis marina, and Guillardia theta (cryptophyte). Clustering of these
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taxa with the thraustochytrids was observed in several of the current carotenoid and retinal
biosynthesis gene phylogenies (crtI, crtYc/d, blh). I hypothesize that the consistency of this
unexpected phylogenetic grouping (i.e., divergent protist lineages that do not reflect taxonomic
classifications or grouping in 18S rRNA phylogenies) across several protein families suggests
that all these genes were acquired from the same source and likely together (as a gene cluster),
via HGT. Currently, the phylogenetic relationships between the rhodopsins of thraustochytrids
(A. limacinum: Table 6.1) and other eukaryotes, bacteria, and archaea remain unexplored.
Elucidating the types of rhodopsins found in thraustochytrids may expand the current
understanding of thraustochytrid metabolic diversity and biochemistry as well as its
environmental pressures and ecological role.
Table 6.1 Bacteriorhodopsin gene annotations in A. limacinum, and corresponding PF/IPR/KOG
and Protein ID.
Gene Annotation
Bacteriorhodopsin-like
protein
(PF01036, IPR011006)

KOG/ PF/ IPR
IPR001425
KOG1124
PF01753
IPR002893

Protein ID
7690
35957
143491

Rhodopsin proteins are taxonomically more widespread than carotenoid biosynthesis
genes (e.g., vertebrates use rhodopsin proteins for vision, yet do not have carotenoid
biosynthesis genes), so it is common for organisms to acquire carotenoids from their
environment via ingestion (e.g., salmon). It is interesting to note that two other
labyrinthulomycetes, Aplanochytrium stocchinoi and Thraustochytrium sp. LLF1b, contain a
copy of rpe65, which is involved in the oxidative cleavage of β-carotene to produce retinal.
Aplanochytrium sp. also contains genes annotated as rhodopsins yet does not contain crtIBY.
The presence of a complete carotenoid biosynthesis pathway in A. limacinum may imply that
any carotenoids acquired from the environment do not fully satisfy the functions of the cell, or
that an environmental selective pressure favors endogenous carotenoids production and
accumulation.
My data suggest these selective pressures may involve defending the cell from elevated
ROS. Aurantiochytrium spp. are often isolated from degrading mangrove leaves. Could this
environment, like the birch sap of Xanthophyllomyces dendrorhous’ (pigmented yeast)
environment (Schroeder and Johnson 1995), produce an oxidative stress condition favoring
survival of cells that accumulate carotenoids? This hypothesis can be tested by monitoring the
growth of both the WT and KO cultured on decaying mangrove leaves. I would expect a
difference in the growth and max yield of KO (relatively reduced) and WT (relatively elevated)
strains cultured in mangrove leaf detritus if mangrove leaves produce ROS that favors survival
of carotenogenic cells.
My data also suggest that oxidative stress response pathways other than carotenoid
production are used in A. limacinum (i.e., in the absence of carotenoid production in the
knockouts on MB and in GPY-cultured KO and WT). To gain a broader gene network
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perspective of the pathways involved in the oxidative stress responses of the WT and KO
strains, differentially expressed genes can be identified using transcriptomic analyses (RNASeq) comparing KO and WT strains cultured in both media conditions (790 By+ and GPY) as
well as under standard growth conditions (790 By+ with 0 mM MB) and oxidative stress
conditions (790 By+ with 0.05, 0.1 mM MB). Transcriptomic analyses of the WT strain grown on
790 By+ with 0.05 mM MB may reveal the broader gene response associated with the elevated
carotenoid accumulation phenotype seen in the WT.
These data can also be used to elucidate the relationship between retinal biosynthesis
and rhodopsin proteins in A. limacinum. Does the KO strain (i.e., no β-carotene biosynthesis)
exhibit differential expression of rhodopsin genes than the WT strain? If rhodopsin activity in A.
limacinum is dependent on (or regulated by) endogenous carotenoid or retinal production, then I
would expect a difference in rhodopsin activity between the WT and KO strains. If a difference is
observed in rhodopsin activity between the WT and KO can differential expression be restored
in the KO by growing the cells in β-carotene supplemented media? Experimentation into the
phylogenetic relationships and expression profiles of proteorhodopsins in A. limacinum, through
phylogenetics and transcriptomics may reveal the functional attributes of rhodopsins and any
regulatory interactions between rhodopsins and carotenoid biosynthesis in A. limacinum.

6.3

Significance

A. limacinum has become a target for industrial production of PUFAs, squalene, and
carotenoids (Aasen et al., 2016). The commercialization and biomolecule optimization focus on
A. limacinum’s biosynthetic pathways results in a gap in understanding the ecological and
physiological functions these compounds serve in the cell’s natural habitat and broader
environment. Here, I discover that carotenoid biosynthesis in A. limacinum was likely acquired
from Halobacteria (Archaea) and that one possible physiological function of carotenoids in A.
limacinum is for use in rhodopsin systems. Further investigation into the types of rhodopsins, as
well as their relationship to rhodopsins found in other members of SAHNTO and Halobacteria
may further support the hypothesis of the acquisition of carotenoid and retinal biosynthesis
genes with rhodopsin genes as a cluster via HGT, likely from a halobacterial source.
Another physiological function of carotenoids, and likely the main function of carotenoid
accumulation, is their involvement in quenching ROS. These functional attributes of
carotenogenesis in A. limacinum generate broader scale questions. If carotenoids contribute a
functional advantage to A. limacinum in oxidative stress conditions, which may represent the
native environment (i.e., degrading mangrove leaves), why do only particular strains have
carotenoid biosynthesis? Would carotenoid production also provide a selective advantage when
growing on living plants (i.e., the substrates of Labyrinthula spp. and Aplanochytrium spp.)?
Several Labyrinthula spp. do produce carotenoids yet exhibit a more yellow pigmentation than
the orange-red color of A. limacinum. Sequence data for Labyrinthula spp. is not available and
thus genes from Labyrinthula spp. did not appear on the crtB, crtI, crtYc/d, blh, rpe65, and
crtY/crtL phylogenies.
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The expansion of genetic tools further supports the accessibility of A. limacinum as a
model organism. Elucidating the source of differential antibiotic resistance between the crtIBY
knockouts (32 and 33) and the 18S fluorescent transformants (EZ54, pCY96-3, and pGpCY132)
requires further investigation. To test the hypothesis of the effects of integration site on antibiotic
resistance, growth experiments comparing KO strains 32 and 33 to 18GZG transformants which
have been verified to have integrated ShBle in the 18S rRNA region (L2, L4, L6, L7) can be
carried out at varying zeocin concentrations.
The development of a transformation system, as well as production of transgenics
(ShBle, yeGFP, mCherry) and knockouts (crtIBY; 32, 33) are three steps closer (Matthews and
Vosshal, 2020) in developing a new model system. Furthermore, the combination of (1) crtIBY
being non-essential in the survival of A. limacinum, (2) crtIBY as the sole carotenoid
biosynthetic pathway in A. limacinum, (3) crtIBY gene disruption resulting in an additional
phenotypic screen by pigmentation, (4) the robust zeocin resistance (i.e., strong ShBle
expression), and (5) no apparent difference in the growth of the pigment-less transformants and
the wildtype strain under standard lab culture conditions, suggests that crtIBY is an ideal target
for introducing genes to A. limacinum.
The advancements in the genetic tools, phylogenetics, and physiological responses to
ROS of A. limacinum presented here broaden the understanding of the biology of A. limacinum
through elucidating putative ecological and physiological functions of carotenoid production.
These advancements also provide access to continue discovering this organism’s innate
complexities and expand the realm of questions that can now be addressed. Overall, this work
is a contribution to the fields of protistan diversity and microbial oceanography expanding the
breadth of model systems and making possible a more integrated view and understanding of
our ocean systems.
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Chapter 7:
7.1

Appendix

Media
½ 790 BY+
0.05% Yeast Extract, 0.05% Peptone, 0.25% D+-Glucose, 0.09% instant ocean
500ml
1.25g glucose
0.25g peptone
0.25g yeast extract
4.5g instant ocean

1L
2.5g glucose
0.5g peptone
0.5g yeast extract
9g instant ocean

790 BY+
0.1% Yeast Extract, 0.1% Peptone, 0.5% D+-Glucose, 1.8% instant ocean
500ml
2.5g glucose
0.5g peptone
0.5g yeast extract
9g instant ocean

1L
5.0g glucose
1.0g peptone
1.0g yeast extract
18g instant ocean

½ ASW
1.8% instant ocean
500ml
9g glucose

1L
18g glucose

ASW
3.2% instant ocean
500ml
18g glucose

1L
32g glucose

GPY
0.5% Yeast Extract, 1.5% Peptone, 3% D+-Glucose, 1.8% instant ocean
500ml
15g glucose
7.5g peptone
2.5g yeast extract
9g instant ocean

1L
30g glucose
15g peptone
5g yeast extract
18g instant ocean

GPYS
3% D+-Glucose, 0.6% peptone, 0.2% yeast extract, 50mM sucrose, 1.8% instant ocean
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500ml
15g glucose
3g peptone
1g yeast extract
8.56 g sucrose
9g instant ocean

7.2

1L
30g glucose
6g peptone
2g yeast extract
17.12 g sucrose
18g instant ocean

Protocols
Electroporation (Cheng et al., 2011)
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Electroporation of Aurantiochytrium limacinum (ATCC MYA1381)
1

Works for medx.doi.org/10.17504/protocols.io.hg6b3ze

Mar 31, 2017

Protist Research to Optimize Tools in Genetics (PROT-G)

Collier Lab

Mariana Rius
Stony B

Grow cells

1

(https://www.atcc.org/~/media/920FDAC93FF84B79851C29FBB8049862.ashx)
ATCC Medium: 790 By+ Medium
Yeast Extract.............................................. 1.0 g
Peptone...................................................... 1.0 g
D+-Glucose................................................ 5.0 g
Seawater................................................... 1000 ml
Autoclave at 121ºC.

2

Create a subculture 24 h before anticipated electroporation date.
Inoculate 50 ml of 790 By+ Medium with 1 ml of previous culture.
Incubate at room temperature (25-28 C) for 24 h (non-shaking conditions).

3

Count cells for electroporation.
Isolate 100 ul of culture for cell counts. Using a hemocytometer load 10 ul of culture and wait 2 min to allow cells to
sink into chamber. Calculate cell count using recommended hemocytometer practice. Estimate whether volume of
cells at the calculated density will be sufficient for anticipated elctroporation experiment. If insufficient volume from
most recent culture is observed, plan to use older culture as well.

Prepare cells

4

Pellet cells. Pour 50 ml culture into 50 ml falcon tube. Centrifuge 3000x rpm at 4 C for 15 min. Gently pour
out supernatant, avoid disturbing pellet.

5

Add 25ml ice cold distilled water. Vortex cells to resuspend in distilled water. Centrifuge 3000x rpm at 4 C for 15 min.

Gently pour out supernatant, avoid disturbing pellet.

6

Add 15 ml of 25 mM DTT (dissolved in 50mM PBS, pH=7). Vortex to resuspend cells. Incubate on ice for 10 min.
Centrifuge 3000x rpm at 4 C for 15 min. Gently pour out supernatant, avoid disturbing pellet.

7

Add 25ml ice cold distilled water. Vortex cells to resuspend in distilled water. Centrifuge 3000x rpm at 4 C for 15 min.

Gently pour out supernatant, avoid disturbing pellet.
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8

Add 2 ml (or necessary volume for electropration experiment) of 1 M Sorbitol. Vortex cells to resuspend, place on ice.

9

Count cells and dilute to appropriate cell density for electroporation.
Load 10 ul of cells resuspended in sorbitol to hemocytometer. Wait two minutes for cells to sink. Calculate cell
density and dilute to appropriate cell density (1-5 x 10 ^6 cells per ml) for electroporation using 1 M sorbitol.

Electroporate cells

10

Load cuvette. Place cuvette on ice prior to loading. Add 100 - 200 ul cells in sorbitol. Add 2-4 ug circular plasmid and 2-4
ug linear plasmid to cuvette. Pipette up and down gently to evenly mix solution.

11

Dry exterior walls of cuvette before loading into electroporator. Set resistance (1000Ω), voltage (0.45 - 1.8 kV), and
capacitance (25-125 uF) to desired settings. When surroundings are clear, use two fingers to initiate pulse. Record time
constant (τ, 5-20 ms). If administering two pulses, clear surroundings and use two fingers to initiate second pulse.
Record time constant. Remove electroporated cuvette from electroporator and maintain on ice until all
electroporation reactions are complete.

Outgrowth and plating of cells

12

Using a small or medium size pipette tip, gently angle the cuvette and pipette electroporated solution into a sterile,
labeled, 1.5 ml microcentrifuge tube. Add 200 ul 790 By+ media to cuvette to collect any remaining cells and pipette
into microcentrifuge tube. Add 300 ul - 800 ul 790By+ media to microcentrifuge tube (final volume 700ul - 1ml).
Incubate at 28 C, 250 rpm for 1 - 24 h.

The difference in the volume of media added can depend on the number of plates on which
the electroporated solution will be plated.
The range of outgrowth period can lead to substantial growth in the nonelectroporated cells at the
longer end of the range. This longer incubation period was also associated with the potential of higher
risk of contamination, observed in the plating of the electroporated media.

13

Plate non-electroporated cells (prior to outgrowth) to measure survivability. According to the cell counts prior to
transformation, plate 10 - 50 ul non-electroporated cells on 790 By+ media with agar (add 100mg/ml ampicillin
to reduce contamination risk).

Several survivorship experiments prove that less than 0.1% of cells survive entire cell preparation
procedure. This leads to a significant reduction in the electroporated cell mass, and may not be favorable
for electroporation reactions with low efficiency.

14

Plate electroporated cells on selective media to isolate transformants.
Plate 200 - 300 ul electroporated (and recovered) cells on 30 and 60 ug/ml nourseothricin 790 By+ Media plates
(add 100mg/ml ampicillin to reduce contamination risk).
Plate 200 - 300 ul electroporated (and recovered) cells on 200 and 600 ug/ml G418 (geneticin) 790 By+ Media plates.

Plate 200 - 300 ul electroporated (and recovered) cells on 15 and 30 ug/ml zeocin 790 By+ Media plates.
Plate 200 - 300 ul electroporated (and recovered) cells on 100 and 400 ug/ml hygromycin B 790 By+ Media plates.

15

16

Plate electroporated cells on non-selective media to measure survivability. Dilute 30ul electroporated cells in 170 ul
half artificial seawater (ASW) and plate on non-selective media (790By+ Media, 100 mg/mlampicillinn can be added
to reduce contamination risk).
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Labyrinthulomycete DNA extraction protocol
Jackie L. Collier

1

1
Stony Brook University

May 16, 2018

1

Works for me

dx.doi.org/10.17504/protocols.io.n83dhyn

Protist Research to Optimize Tools in Genetics (PROT-G)

Collier Lab

Jackie Collier

ABSTRACT

Modified from Lippmeier et al. 2009
THIS PROTOCOL ACCOMPANIES THE FOLLOWING PUBLICATION

Lippmeier JC, Crawford KS, Owen CB, Rivas AA, Metz JG, et al. (2009) Characterization of both
polyunsaturated fatty acid biosynthetic pathways in Schizochytrium sp. Lipids 44: 621-630.
SAFETY WARNINGS

Be careful with phenol:chloroform and chloroform; wear appropriate PPE.

1

Prepare extraction buffer:
20 mM Tris-HCl pH 8.0
50 mM NaCl
10 mM EDTA
0. 5% SDS
Also need stocks of
proteinase K (10 mg per ml is handy)
RNAse A (25 mg per ml is handy)
phenol:chloroform:isoamyl alcohol (25:24:1)
chloroform:isoamyl alcohol (24:1)
3M NaOAc (sodium acetate)
100% ethanol
70% ethanol

This protocol has worked well for Aurantiochytrium limacinum ATCC1381 and Aplanochytrium
kerguelense PBS07, meaning that it produced clean spools of genomic DNA.
For Aurantiochytrium, a 50 ml culture in medium 790BY+, 2 or 3 days old, yields ~350-400 mg wet
biomass and ~200-300 ug DNA.
This protocol has never worked as well for Schizochytrium aggregatum ATCC28209; the DNA comes out
more fragmented and in a background of a small precipitate and had to be collected by centrifugation
rather than spooling. (sometimes this happens with the other strains, too) I was able to a cleaner prep by
redissolving the initial pellet and performing a LiCl precipitation (final concentration 2M LiCl, incubated at 20C for 1 hour, then centrifuged at 16,000 xg and 4C for 20 minutes) then adding 1 volume isopropanol to
the supernatant, which produced a nice spool of DNA (but get it out quickly).

2

Resuspend ~100 mg wet weight fresh cell pellet in 1 ml extraction buffer plus 100 ug per ml
proteinase K Incubate at 45 minutes at 50C
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(can spin down cells from liquid culture, or washed from agar plate, at 4000xg (in C0650 rotor), room temp, 10
minutes; wash in 50% artifical seawater then ddwater before a final spin and weighing pellet)

3

Add 100 ug per ml RNAse A
Incubate for 15 minutes at 37C

4

Extract with an equal volume of phenol:chloroform:isoamyl alcohol

Mixing gently for 30 minutes at room temperature
Gently centrifuge (~8,000 x g, 10 minutes) to separate phases
Transfer aqueous phase to a fresh tube
REPEAT

5

Extract with an equal volume of chloroform:isoamyl
alcohol Mixing gently for ~5 minutes at room temperature
Gently centrifuge (~8,000 x g, 10 minutes) to separate phases if
needed Transfer aqueous phase to a fresh tube
REPEAT

6

Add 0.1 volume 3 M NaOAc
Add 2 volumes ice-cold 100% ethanol
DNA should precipitate as a fluffy ball; collect by spooling onto a glass
rod (a Pasteur pipette with the open end melted closed works well)
Wash by dipping in 70%
ethanol Air dry
Dissolve in ~100-350 microliters water or TE (pH
8.0) (depending how much biomass went in)
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Electroporation of Aurantiochytrium limacinum (ATCC MYA1381)
Forked from Electroporation of Aurantiochytrium limacinum (ATCC MYA-1381)

1

2

Mariana Rius , Jackie Collier

1Stony B, 2State University of New York at Stony Brook
Works for me

dx.doi.org/10.17504/protocols.io.8xyhxpw

Mariana Rius
Stony B

ABSTRACT

Electroporation strategy used in the transformation of Aurantiochytrium limacinum (ATCC MYA-1381;
Stramenopile/ Heterokont, Thraustochytrid). This protocol is following the guidance of Ono et al. 2011. US
Patent # 7,888,123 B2.
MATERIALS
NAME

CATALOG #

VENDOR

Gene Pulser Electroporation Cuvettes, 0.2 cm gap

1652086

Bio-rad Laboratories

Grow cells

1

Start a preculture 3 days (72 h) prior to electroporation by inoculating 5 ml of GPY (0.5% Yeast Extract, 1% Peptone,
3% D+-Glucose, 1.8% instant ocean) with a colony of Aurantiochytrium limacinum (ATCC MYA-1381). Incubate
overnight at 28 C 171 rpm.

1.1

Use preculture to inoculate 15-45 ml of GPY in 250 ml flask. Culture for 2 days (48 h) at 28 C, 171 rpm.

Prepare reagents for Electroporation

2

Make liquid solutions and media:
GPYS media (3% glucose, 0.6% peptone, 0.2% yeast extract, 50mM sucrose, 1.8% instant
ocean) Make 1X BSS (10 mM KCl, 10 mM NaCl, and 3 mM CaCl2)
Make 50 mM sucrose solution
Sterilize by autoclave or filter sterilization as appropraite.

2.1

Make plates:

Make GPYS ampiciln (100ug/ml) plates (2%agar)
Make GPYS zeocin (100ug.ml) and ampiciln (100ug/ml) plates (2%agar)
Prepare DNA for electroporation

3

Linearize 1-10ug of plasmid for each electroporation reaction and clean up using PCR purification (QIAGEN) eluting
to 10 ul/ reaction.*
*Approximately 2 ul elution buffer will be bound to spin column, elution of 12 ul will result in final elution volume of 10ul.
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Prepare cells for electroporation

4

At 48 h cell culture, count cells by diluting a small volume 10-fold and load 10 ul on hemocytometer. Allow cells to
settle for 2 - 5 min. Calculate cell count using recommended hemocytometer practice. Add ~1 x 10^8 cells to a 1.5

4.1

Centrifuge 5 min, 4 C, 11000rpm.
Decant.
Add 500 ul chilled 1X BSS (10 mM KCl, 10 mM NaCl, and 3 mM CaCl2).
Centrifuge 5 min, 4 C, 11000rpm.
Decant.

4.2

Add 500 ul chilled 50 mM sucrose.
Centrifuge 5 min, 4 C, 11000rpm.
Decant.
Repeat.

4.3

Resuspend cell pellet in 90 ul 50 mM sucrose.

Add DNA to cells.

5

Add 10 ul (1-10 ug) DNA to suspended cells.
For 'no DNA' control, 10 ul elution buffer is added to cells instead of DNA.

5.1

Incubate on ice 5 min.

5.2

Transfer to chilled electroporation cuvette (0.2 cm; BioRad). Volume will be > 100 ul. Keep on ice.

Electroporate cells

6

For BioRad Gene Pulser:

Has been successful with 1 - 10 ug DNA

Set voltage 0.45 kV, capacitance 25 uF, and resistance 1000 Ω
Dry cuvette electrodes upon removal from ice.
Load into electroporation chamber. Clear surroundings.
Initiate pulse.
Record time constant (τ; ~4 to 6 ms).
Initiate a second pulse.
Record time constant (τ; ~4 to 6 ms).
Remove cuvette from chamber upon completion of pulse administration and return cuvette to ice.
Proceed to next sample until all have been electroporated.

6.1

For NEPA21

Has been successful with 1 ug DNA
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Set Poring Pulse: Voltage 275 V, pulse length 8 ms, pulse interval length 50 ms, number of pulses 2
2

pulses, decay rate 10%, polarity (+)
Set Transfer Pulse: Voltage 20 V, pulse length 50 ms, pulse interval length 50 ms, number of
pulses 1 pulse, decay rate 40%, polarity (+/-)
Dry cuvette electrodes upon removal from ice.
Load into electroporation chamber. Clear surroundings.
Record impedance.
Initiate pulse by pressing START. Pulse completion denoted by double beeping.
Click Measure and record total energy (Joules) administered in each pulse.
Clear by pressing Stop/Clear.
Remove cuvette from chamber and return cuvette to ice.
Proceed to next sample until all have been electroporated.

Outgrowth

7

Label one microcentrifuge tube for each electroporated sample.
Add 1ml GPYS media to cuvette and transfer entire volume to microcentrifuge tube.

Incubate at 28 C, 1 h. No shaking is necessary.
Plating

8

Centrifuge cells for 5 min, room temperature, 11000rpm.
Remove 1 ml supernatant.
Resuspend remaining cells by scraping pellet off side of tube and vortexing.
Plate remaining volume (<200ul) on GPYS zeocin (100ug/ml) amp (100ug/ml) plate.

Incubate at 28 C.

Plates will have visible cell mass smears because of the significant quantity of cells plated.
Transformant colonies will appear over the plated cell mass.

8.1

If 'no DNA' control was used:

Survivorship can be calculated by diluting and plating cells on 'no antibiotic' plates.

A dilution of 1:10000, plating 100 ul, with a survivorship of 1-10% will yield 1001000 cells/plate.

'No DNA' control cells can be used as a control for antibiotic selection by plating remaining cells on
an antibiotic media plate.
Monitor Transformant Colonies

9

Colonies of 'no DNA' control cells plated on GPYS with no antibiotic will appear in 2 days from
electroporation. Aurantiochytrium limacinum transformant colonies will appear between 3-5 days following
electroporation. Streak transformant colonies onto GPYS zeocin/amp plate and monitor for transformation
efficiency. Include wildtype for comparison.
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Zoospore Isolation of Aurantiochytrium limacinum
Mariana Rius

1

1
Stony B

Nov 07, 2018

2 Works for me

dx.doi.org/10.17504/protocols.io.u73ezqn

Protist Research to Optimize Tools in Genetics (PROT-G)

Collier Lab

Mariana Rius
Stony B

ABSTRACT

This protocol results in the isolation of single nucleated zoospores from a culture of Aurantiochytrium
limacinum. The point is to recover single nucleus colonies rather than single cell colonies (which may contain
varying nuclei - particularly following transformation).
MATERIALS TEXT

Filtration Pump (or other way to pull a vacuum)
Filter holder (mftr#: Thermo Scientific Nalgene 300-4000)
5 um nylon filter (catalog#: R50SP04700)
15 ml culture tube
GPY media (+ zeocin 100 ug/ml)
- 0.5% Yeast Extract, 1% Peptone, 3% D+-Glucose, 1.8% instant ocean
GPY zeocin plate (+ zeocin 100 ug/ml + ampicilin 100 ug/ml)

Prepare Culture

1

Inoculate 500 ul GPY media (microcentrifuge tube) with toothpick scrape of a colony. If inoculating a zeocin resistant
colony, add 5 ul zeocin (for 100 ug/ml). Vortex/ resuspend cells. Pipette 4.5 ml of GPY into a 15 ml glass culture tube.
Add 500 ul inoculum. Incubate at 28 C, 170 rpm for 48 h, or until microscopy reveals the presence of zoospores.

Filter Culture

2

Filter culture using a 5 um nylon filter membrane, nalgene filter holder, and filtration pump.Transfer flowthrough to
a microcentrifuge tube and centrifuge 5 min 11000 rpm.

Plate Zoospores

3

Resuspend cell pellet in 100 ul of ½ Artificial Seawater (ASW) or media. Make a 10X dilution by adding 10 ul of cells
to 90 ul of ½ ASW or media. Spread onto 2% agar GPY (+ zeocin +amp) plate. Incubate at 28 C for 48 - 72 h until
colonies appear.
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Supplemental Table 1.1 Cell stages of Aurantiochytrium acetophilum (Ganuza et al., 2019).
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
U
V
W

Typical small sporogenous cell.
Vegetative cells with ectoplasmic nets.
Sporogenous multinucleate cell mass producing small sporogenous
cells and a Type I sporangium.
Tetrad of multinucleate sporogenous cells.
Typical large vegetative cell before filled with lipids.
Large oleaginous cell.
Cyst.
Amoebosporangium.
Encysted amoebosporangium.
Amoe-bospore transforming into an amoeba.
Binucleate amoeba.
Quadranucleate amoeba.
Four uninucleate amoebospores.
Type I zoosporangium before flagella formation
Encysted zoosporangium.
Type I zoosporangium with flagellate cells.
Three zoospores connected by a cytoplasmic band.
Younger single pyriform zoospore.
Older single spherical zoospore.
Type II sporangium.
Small spherical swimming cell (gamete?).
Initial fusing of two motile gametes.
Uninucleate zygote.
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Supplemental Tables
Supplemental Table 2.1 Unique phyla represented in the reference proteome database.
Archaea
Candidatus
Caudovirales
Crenarchaeota
Euryarchaeota
Hyperthermophilic
Nanoarchaeota
Thaumarchaeota

Bacteria
Abditibacteriota
Acidobacteria
Actinobacteria
Aquificae
Armatimonadetes
bacterium
Bacteroidetes
Balneolaeota
Calditrichaeota
candidate
Candidatus
Chlamydiae
Chlorobi
Chloroflexi
Chrysiogenetes
Coprothermobacterota
Cyanobacteria
Deferribacteres
Deinococcus-Thermus
Dictyoglomi
Elusimicrobia
Fibrobacteres

Eukaryota

Firmicutes
Fusobacteria
Gemmatimonadetes
Haloplasmatales
Ignavibacteriae
Kiritimatiellaeota
Lentisphaerae
Natronospirillum
Nitrospinae
Nitrospirae
Planctomycetes
Proteobacteria
Rhodothermaeota
Spirochaetes
Synergistetes
Tenericutes
Thermobaculum
Thermodesulfobacteria
Thermotogae
Vampirococcus
Verrucomicrobia
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Annelida
Apicomplexa
Apusomonadidae
Arthropoda
Ascomycota
Bacillariophyta
Basidiomycota
Bigyra
Blastocladiomycota
Bolidophyceae
Brachiopoda
Breviatea
Cercozoa
Chlorophyta
Choanoflagellata
Chordata
Chromeraceae
Chromerida
Chrysophyceae
Chytridiomycota
Ciliophora
Cnidaria
Cryptomycota
Cryptophyta
Dictyochophyceae
Dinophyceae
Discosea
Echinodermata
Endomyxa
Euglenozoa
Evosea
Filasterea
Foraminifera

Fornicata
Glaucocystophyceae
Haptista
Heterolobosea
Ichthyosporea
Microsporidia
Mollusca
Mucoromycota
Nematoda
Oomycetes
Palpitomonas
Parabasalia
Pelagophyceae
Perkinsozoa
Phaeophyceae
Pinguiophyceae
Placozoa
Platyhelminthes
Porifera
Raphidophyceae
Rhodophyta
Rotifera
Rotosphaerida
Stereomyxa
Streptophyta
Synchromophyceae
Synurophyceae
Tardigrada
Tubulinea
Vitrellaceae
Xanthophyceae
Zoopagomycota

Supplemental Table 2.2 Pipeline progression in number of sequences and alignment lengths.
crtB

crtI

crtYc/d

blh

rpe65

crtY

HMM ACC

PF00494.19

TIGR02734

TIGR03462/lycy
c_2x.HMM

PF15461.6

PF03055.15

PF05834.12

Description

Squalene/
phytoene
synthase

crtI_fam:
phytoene
desaturase

CarR_dom_SF:
lycopene
cyclase domain

Beta-carotene
15,15'dioxygenase

Retinal pigment
epithelial
membrane
protein

Lycopene
cyclase protein

HMM length

263 aa

504 aa

89 aa/ 227 aa

268 aa

463 aa

380 aa

hmmsearch

6616 seq

32241 seq

697 seq

199 seq

6454 seq

5408 seq

orthomcl
return total

6369 seq

21902 seq

NA

NA

6186 seq

3639 seq

Orthomcl

OG5_131363

OG5_135453

NA

NA

OG5_128633

OG5_143063

orthomcl OG5
name

phytoene
synthase

phytoene
dehydrogenase

NA

NA

Retinal pigment
epithelial
membrane
protein

Lycopene
cyclase protein

OG5 # of seqs

3466 seq

2204 seq

NA

NA

2123 seq

922 seq

Seq size filter
result

3054 seq

1716 seq

417 seq

177 seq

1701 seq

748 seq

hmmalign x1
length

878 aa

2250 aa

550 aa

488 aa

2073 aa

1498 aa

derep. x1 rem.

1335 seq

859 seq

238 seq

95 seq

745 seq

268 seq

hmmalign x2
length

647 aa

1945 aa

NA

NA

1803 aa

1352 aa

derep x2 rem

1247 seq

812 seq

NA

NA

734 seq

260 seq

final hmmal
length

647 aa

1705 aa

550 aa

463 aa

1803 aa

1333 aa

final hmmal 99% gap

361 aa

697 aa

305 aa

NA

988 aa

887 aa

final hmmal 90% gap

281 aa

528 aa

251 aa

294 aa

636 aa

469 aa

mafft length

1070 aa

1631 aa

617 aa

652 aa

3226 aa

1264 aa

mafft length 99% gap

480 aa

890 aa

389 aa

NA

1457 aa

778 aa

mafft length 90% gap

304 aa

538 aa

294 aa

358 aa

690 aa

519 aa

iqtree model

WAG+F+R10

LG+F+R10

VT+F+R6

LG+F+R7

VT+F+R10

WAG+F+R9

crtB

crtI

crtYc/d

blh

rpe65

crtY
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Supplemental Table 2.3 Orthologous group (OGs) classification and distribution across HMMs
by OrthoMCL.
HMM

PF00494

OGs

Name

Sequences

%

OG5 129470

squalene synthase

1485

26

OG5 131363

phytoene synthase

3020

53

OG5 130108

hypothetical protein

1197

21

OG5 126892

Conserved region in glutamate synthase

3104

10.618137

OG5 135453

phytoene dehydrogenase

2180

7.457326

OG5 131173

n/a

2005

6.858687

OG5_133149

n/a

1643

5.620361

NO_GROUP

n/a

1540

5.268019

OG5_144826

n/a

1475

5.045668

OG5_136205

Flavin containing amine oxidoreductase

1265

4.327301

OG5_129066

Flavin containing amine oxidoreductase

1038

3.550782

OG5_130448

Flavin containing amine oxidoreductase

917

3.136866

Other OGs

--

14088

48

220 OGs

--

891

100

OG5 131329

Retinal pigment epithelial membrane protein

2709

44

OG5 128633

Retinal pigment epithelial membrane
protein

2205

36

9 Other OGs

--

1272

21

OG5_233550

n/a

44

75

OG5_233492

n/a

15

25

OG5 143063

Lycopene cyclase protein

1023

28

OG5_130321

FAD-binding domain

616

17

124 Other OGs

--

2000

55

TIGR02734

TIGR03462

PF03055

PF15461

PF05834

143

Cryptophytes

Dinoflagellates

Supplemental Table 2.4 Dinoflagellate and Cryptophyte clusters outside of phototrophic clade
in retinal biosynthesis phylogenies.
CrtB

CrtI

CrtYc/d

Blh

Thoracosphaerales:
Scrippsiella hangoei,
Apocalathium
aciculiferum;
Peridiniales:
Kryptoperidinium
foliaceum, Durinskia
baltica;
Gonyaulacales:
Tripos fusus;
Gymnodiniales:
Karenia brevis

--

Gymnodiniales:
Karenia brevis

Peridiniales/
Heterocapsaceae:
Heterocapsa
arctica and
Prorocentrales/
Prorocentraceae
Prorocentrum
minimum

Pyrenomonadales/
Geminigeraceae:
Guillardia theta,
Hanusia phi,
Geminigera
cryophila,
Proteomonas
sulcata;
/Chroomonadaceae:
Chroomonas
mesostigmatica;
/Pyrenomonadaceae:
Rhodomonas sp.
CCMP768;
Cryptomonadales/
Hemiselmidaceae:
Hemiselmis tepida;
and an unclassified
cryptophyte:
Cryptophyta sp.
CCMP2293

Cryptomonadales/
Cryptomonadaceae:
Cryptomonas
paramecium,
Cryptomonas curvata,
/Hemiselmidaceae:
Hemiselmis rufescens,
/Chroomonadaceae:
Chroomonas
mesostigmatica;
Pyrenomonadales/
Pyrenomonadaceae:
Rhodomonas lens,
Rhodomonas sp.
CCMP768,
/Geminigeraceae:
Geminigera cryophila,
Guillardia theta,
Hanusia phi; and
unclassified
cryptophyte:
Cryptophyta sp.
CCMP2293

Pyrenomonadales/
Geminigeraceae:
Guillardia theta,
Hanusia phi,
Proteomonas
sulcata; and an
unclassified
cryptophyte:
Cryptophyta sp.
CCMP2293

Pyrenomonadales
/ Geminigeraceae:
Guillardia theta
and Hanusia phi
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Supplemental Material
2.1 MAFFT and hmmalign alignment and tree comparisons
For each domain, six maximum-likelihood trees were evaluated. These were made from
alignments using both MAFFT (Katoh and Stanley, 2004) and hmmalign (hmmer.org) where
each was evaluated with all sequence alignment positions retained, and also where sequence
alignment positions in which 99% of sequences were gaps were removed, and where sequence
alignment positions in which 90% of sequences were gaps were removed (Table S2). All six
maximum-likelihood trees for each domain were inferred using IQ-TREE v. 1.6.6 (Nguyen et al.
2015) with the same best-fitting (Yang, 1995; Soubrier et al., 2012) model, selected following
the Akaike information criterion and the Bayesian information criterion for each phylogeny
(Table S2). All phylogenies maintained conserved lineage grouping, that is, for instance, CrtB
and CrtI maintained the four lineages (Proteobacterial, photosynthetic eukaryotes, firmicutes,
and ABA: Actinobacteria, bacteroidetes, and archaea). CrtYc/d, Blh, RPE65, and CrtY
phylogenies maintained branch structure and did not exhibit within lineage rearrangements. The
MAFFT alignment retaining positions where less than 90% of sequences contain gaps was
selected for the reduced branch lengths.
2.2 H. fermentalgiana genomic annotation of A0A2R5GF32
The carotenoid biosynthesis gene in H. fermentalgiana: A0A2R5GF32 is annotated as
'L-amino-acid oxidase' and received a 1 out 5 annotation score. The gene (FCC1311_095101;
version GBG29536) is described as containing two coding exons (crtI, crtB), 2,511 bps in length
and 836 residues long. It is located on SuperContig BEYU01000059: 213,058 - 215,632. In
exporting the BEYU01000059 (210,870 - 215,706) DNA supercontig, an open reading frame
spanning 211,827 - 214,749 (in the reverse direction) appears when scanning for ORFs. An
NCBI CDD BLASTp of this fragment reveals a trifunctional fused gene (crtI, crtB, crtYc/d) that is
1268 residues in length (3,858 bps) (Figure 2.7C).
2.3 BUSCO
BUSCO analyses were conducted on the single transcriptome available for N. scintillans
and a concatenated transcriptome of O. marina, including all nine available MMETSP
transcriptomes, to discern whether the undetectability of squalene synthase and heterodimeric
lycopene cyclase (crtYc/ crtYd) genes was due to incompleteness of the O. marina
transcriptomes. BUSCO analyses (BUSCO 3.0.1; Python 3.5.2) reveal that in N. scintillans and
in O. marina 18.8% and 20.5%, respectively, is missing when evaluated using general
eukaryotes (eukaryota_odb9; Creation date: 2016-11-02, number of species: 100, number of
BUSCOs: 303).
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Supplemental Figures
Supplemental Figure 2.1. Maximum likelihood tree of CrtB/ CrtM/ HpnD domains aligned with
MAFFT and retaining positions where less than 90% of sequences were gaps. Values indicate
SH-aLRT and ultrafast bootstrap from 1000 replicates in IQTREE using model LG+F+R10.
SAHNTO represents a cluster of thraustochytrids: A. limacinum, S. aggregatum, H.
fermentalgiana, two dinoflagellates: N. scintillans, O. marina, and an apusomonad: T. trahens.
The indicated cryptophyte clade includes Guillardia theta, Hanusia phi, Geminigera cryophila,
Proteomonas sulcata, Chroomonas mesostigmatica, Rhodomonas sp. CCMP768. Node points
indicate SH-aLRT support > 80% or ultrafast bootstrap support >95%.
Supplemental Figure 2.2. Maximum likelihood tree of CrtI/ CrtH/ Z-ISO/ CRISTO domains
aligned with MAFFT and retaining positions where less than 90% of sequences were gaps.
Values indicate SH-aLRT and ultrafast bootstrap from 1000 replicates in IQTREE using model
WAG+F+R10. SAHNTO represents a cluster of thraustochytrids: A. limacinum, S. aggregatum,
H. fermentalgiana, two dinoflagellates: N. scintillans, O. marina, and an apusomonad: T.
trahens. Node points indicate SH-aLRT support > 80% or ultrafast bootstrap support >95%.
Supplemental Figure 2.3. Maximum likelihood tree of CrtYc/d domains aligned with MAFFT
and retaining positions where less than 90% of sequences were gaps. Values indicate SH-aLRT
and ultrafast bootstrap from 1000 replicates in IQTREE using model VT+F+R6. SAHNTO
represents a cluster of thraustochytrids: A. limacinum, S. aggregatum, two sequences from the
dinoflagellate: N. scintillans, and an apusomonad: T. trahens. Node points indicate SH-aLRT
support > 80% or ultrafast bootstrap support >95%.
Supplemental Figure 2.4. Maximum likelihood tree of Blh domains aligned with MAFFT and
retaining positions where less than 90% of sequences were gaps. Values indicate SH-aLRT and
ultrafast bootstrap from 1000 replicates in IQTREE using model LG+F+R7. SAHNTO represents
a cluster of a dinoflagellate: O. marina and an apusomonad: T. trahens. Node points indicate SHaLRT support > 80% or ultrafast bootstrap support >95%.
Supplemental Figure 2.5. Maximum likelihood tree of RPE65 domains aligned with MAFFT and
retaining positions where less than 90% of sequences were gaps. Values indicate SH-aLRT and
ultrafast bootstrap from 1000 replicates in IQTREE using model VT+F+R10. Node points indicate
SH-aLRT support > 80% or ultrafast bootstrap support >95%.
Supplemental Figure 2.6. Maximum likelihood tree of CrtY/ CrtL/ LCY-b domains aligned with
MAFFT and retaining positions where less than 90% of sequences were gaps. Values indicate
SH-aLRT and ultrafast bootstrap from 1000 replicates in IQTREE using model WAG+F+R9.
Node points indicate SH-aLRT support > 80% or ultrafast bootstrap support >95%.
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Supplemental Tables
Supplemental Table 3.1 Parameters provided in logistic model fitting in growthcurver.
Parameter symbol

Parameter name

Parameter definition

K

Carrying capacity

Maximum growth yield

r

Intrinsic growth rate

Growth rate at which no restrictions are
imposed on total population size

t_mid

t, ½ K

The time at which the population density
reaches half the carrying capacity

t_gen

doubling time

The least amount of time required to double
the population

auc_l

Area under the modeled
logistic curve

Integral of the logistic equation

auc_e

Area under the curve of
empirical data

Integral of the optical density readings data

sigma

Residual standard
deviation

residual sum of squares from the fit of the
logistic curve to the data
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Supplemental Figures

Supplemental Figure 3.1 Model fit analyses on wells that exhibited growth (max OD – min OD
> 0.01). (A) Distribution of sigma values (residual standard deviation) of the fitted models. (B)
PCA of the fitted models where axis 1 and 2 account for 46% and 27% of the variation
observed, respectively.
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Supplemental Figure 3.2 Labyrinthulomycete 18S rRNA maximum likelihood tree (IQTREE;
TIM3+F+R4). Values indicate SH-like approximate likelihood ratio test values (SH-aLRT;
Guindon et al., 2010) and ultrafast bootstrap of 1000 iterations each (SH-aLRT support (%) /
ultrafast bootstrap support (%)). Nodes with a filled circle indicate ≥ 95% ultrafast bootstrap.
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1
1
61
61
121
121
181
179
241
239
301
299
361
359
421
419
481
479
541
539
601
599
658
659
718
719
778
779
838
839
898
899
958
959
1018
1018
1078
1078
1138
1138
1198
1198
1258
1258
1318
1318
1378
1378
1438
1438
1498
1498

CTTCATACTCTCGCATTTCCTAATTTATTTGAGCACGAGCCAACACAAGCTCCCTCGTAA
CTTCATACTCTCGCATTTCCTAATTTATTTGAGCACGAGCCAACACAAGCTCCCTCGTAA
GAGAAGGTAGTAGGTACTTTAGCAGTGAGCATCTGGGTAGAGGTATCTGCCTTCTAATAT
GAGAAGGTAGTAGGTACTTTAGCAGTGAGCATCTGGGTAGAGGTATCTGCCTTCTAATAT
CACCTACCTCAAGGTCCGTGCCACGCGCGAGGGAAACTCTGAAGAAGACTAGGAAGTGCA
CACCTACCTCAAGGTCCGTGCCACGCGCGAGGGA-ACTCTGAAGAAGACTA-GAAGTGCA
CTACTACTCCACGAGGGAATCCCGCTTTCACGAGATACTCAACTTGGACTATCAACGACA
CTACTACTCCACGAGGGAATCCCGCTTTCACGAGATACTCAACTTGGACTATCAACGACA
TACATTCTCAGCCAGTAGGCACCCAGCACTCTGTAGTAGCTGTACCTAATGGAAGACTAG
TACATTCTCAGCCAGTAGGCACCCAGCACTCTGTAGTAGCTGTACCTAATGGAAGACTAG
ATGCTCTGACACTCAACTTACCTACTTCTGTTTCTGCGGTGTGGAATATCGCAGTTATTA
ATGCTCTGACACTCAACTTACCTACTTCTGTTTCTGCGGTGTGGAATATCGCAGTTATTA
ACTAAAAACAAGATAAAAATGAGAATACTTTGTAAGTTTAATTTATTATTAGTAGCAATC
ACTAAAAACAGGATAAAAATGAGAATACTATGTAAGTTTAATTTATTATTAGTAGCAATC
ATATCTCATATATGGAATCTTTTTCTAAAGATAAAGCAAAAACAAACATTATTTTGGAAA
ATATCTCATATATGGAATCTTTTTCTAAAGATAAAGCAAAAACAAACATTATTTTGGAAA
TAAAAAGAGTTGTTAATCAAAGCGTAAGACGTCCTATACAGCTGCCTGTATGATGGGACA
TAAAAAGAGTTGTTAATCAAAGCGTAAGACGTCCTATACAGCTGCCTGTATGATGGGACA
TTAGGTATAAATTGGTCCTAAGAAGGTTCACCCAAGTCATTGGCCATTCAAGTTGAGTAA
TTAGGTATAAATTGGTCCTAAGAAGGTTCACCCAAGTCATTGGCCATTCAAGTTGAGTAA
AGCTA-GTGATTCAAGTTGTTTTGACTTGAGTTTTTTACC--CAAGTTAAAAGATCTCAA
AGCTAAGTGATTCAAGTTGTTTTGACCTTGAGTTTTTTACCGCAAGTTAAAAGATCTCAA
CTCAGTACCTCTGACTACCTCGTGAGAGTGGCCATTGGCTTTTGATATTTACTTGTGTAA
CTCAGTACCTCTGACTACCTCGTGAGAGTGGCCATTGGCTTTTGATATTTACTTGTGTAA
GAAGAGTTCCTCCCGACGGCAGGTGGGCAGTAGTACCTACCAATAGGAGAAGCGCTGCGT
GAAGAGTTCCTCCCGACGGCAGGTGGGCAGTAGTACCTACCAATAGGAGAAGCGCTGCGT
GCTATTCCTGAAGTACACACCACGTAGGTGAGTGAGTTTTATTATTCTTTTTATTTTAAA
GCTATTCCTGAAGTACACACCACGTAGGTGAGTGAGTTTTATTATTCTTTTTATTTTAAA
CATAGTGTGTATGAAGCTTACTATAGTTAGTTAATTTTAGAAATACCATACCATAATATA
CATAGTGTGTATGAAGCTTACTATAGTTAGTTAATTTTAGAAATACCATACCATAATATA
TCATCTTTATATAGTCGGGATACAACAGAAAAGGGCAATGAAAATCGACTTTGGGCGGGC
TCATCTTTATATAGTCGGGATACAACAGAAAAGGGCAATGAAAATCGACTTTGGGCGGGC
GAGTGAAGGCGAGAGTCCGCAGCTGCTCTGGCCTTCGGGTCGGTGTCCGCACTCACATTG
GAGTGAAGGCGAGAGTCCGCAGCTGCTCTGGCCTTCGGGTC-GTGTCCGCACTCACATTG
GTAGTCTGTAGACATAATTTGGACCTTCTGTAGGCAGAGAGTACCTACTAGGAGCGTCTT
GTAGTCTGTAGACATGATTTGGACCTTCTGTAGGCAGAGAGTACCTACTAGGAGCGTCTT
CCAATAATCGCCTCGATTTCCCCAACCTGGATGATGCTGGTGGCTCAACTTGAACTAAAA
CCAATAATCGCCTCGATTTCCCCAACCTGGATGATGCTGGTGGCTCAACTTGAACTAAAA
CCTGAGGATGAAGGAGCCACTCGATTCCACGCACACCCTTCAGGTGGTCATTTGCAGGTT
CCTGAGGATGAAGGAGCCACTCGATTCCACGCACACCCTTCAGGTGGTCATTTGCAGGTT
AGCGATAGAGGTATCTCTCACAAACACTGTAAATAGTTTTGTGAGTAAATACACACACGA
AGCGATAGAGGTATCTCTCACAAACACTGTAAATAGTTTTGTGAGTAAATACACACACGA
GCACTCCTATAAAGGGTGTGTAAGCTAAGGAAAATCCCCTCACAACACACTGAGTATCAA
GCACTCCTATAAAGGGTGTGTAAGCTAAGGAAAATCCCCTCGCAACACACTGAGTATCAA
AAGAGGAACCTACGACTAAGAAGGTTATCATAAATGGATGTAATCAGAGGAGGTAACACT
AAGAGGAACCTACGACTAAGAAGGTTATCATAAATGGATGTAATCAGAGGAGGTAACACT
GTAAATTTATGGAGACAGTGGAGGGTCTTTGGGCACGAAGATCTGCAAGCGCGCCATCAG
GTAAATTTATGGAGACAGTGGAGGGTCTTTGGGCACGAAGATCTGCAAGCGCGCCATCAG
CAGATCCGCAACCTTCGAGCTCAAGAAGCAACTCAACAGTAGAAGAACAAGCACCCAACT
CAGATCCGCAACCTTCGAGCTCAAGAAGCAACTCAACAGTAGAAGAACAAGCACCCAACT
AGCAAA
AGCAAA

Supplemental Figure 3.3 Multiple sequence alignment of the actin promoter regions from A.
limacinum (Aurli_82560) and Schizochytrium sp. CB15-5 (SEQ. ID NO: 2; Ono et al., 2011).
1503 bp, sharing 98.9% identity.
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TTGATCTTGTGAGGGCTCCACTGGAATTTTCCGACACAAGAAAGTGCCAGTGGACAAAGG
TTGATCTTGTGAGGGCTCCACTGGAATTTTCCGACACAAGAAAGTGCCAGTGGACAAAGG
GGGAAGTGGGCCTCGAAATAGCGGTATGGTTATGTGAGGGATACGGGGCGGAGTTCCGGC
GGGAAGTGGGCCTCGAAATAGCGGTATGGTTATGTGAGGGATACGGGGCGGAGTTCCGGC
GTTCCCTCAGGCCTTCCTCTCTGCGCCTCAGGCAAGTTTCTAAGAAAAGTGCTTTTGGAT
GTTCCCTCAGGCCTTCCTCTCTGCGCCTCAGGCAAGTTTCTAAGAAAAGTGCTTTTGGAT
AATAATCTTGTATGGAAATGTGAAGCGCAAGTGCGCAGAACCTAGAAAATCTAAAACAAA
AATAATCTTGTATGGAAATGTGAAGCGCAAGTGCGCAGAACCTAGAAAATCTAAAACAAA
AGAAAAAAGAGATCGTCACCCGAGCAGCAGAATCAATTCACTCCAAGGTAAGTAAGGCGT
AGAAAAAAGAGATCGTCACCCGAGCAGCAGAATCAATTCACTCCAAGGTAAGTAAGGCGT
GCTGTGCGGGAGCGCCCCCGGCCAGTCAGTGTTGGAGCTTGGGATGAGTTGCATCTGCGC
GCTGTGCGGGAGCGCCCCCGGCCAGTCAGTGTTGGAGCTTGGGATGAGTTGCATCTGCGC
GAAGGGTTGGCCCATCCATCTCAAGTCCTTTCCTGGCGGTTTCGCCCGCGTCACCAGCCG
GAAGGGTTGGCCCATCCATCTCAAGTCCTTTCCTGGCGGTTTCGCCCGCGTCACCAGCCG
CCTGGTGCTCCTGATGGATGGGGACTCTGGATGGTCGAAAGAGGATGTGTTGTATCTATC
CCTGGTGCTCCTGATGGATGGGGACTCTGGATGGTCGAAAGAGGATGTGTTGTATCTATC
TGTCTGATAAGGTAAAAGGGGACGGCTTCTGTACTTTCCTTCTTCGCTCGCTCCCGATCG
TGTCTGATAAGGTAAAAGGGGACGGCTTCTGTACTTTCCTTCTTCGCTCGCTCCCGATCG
TGTCTTCTAGGATGCGCGCTTTTGATGTGCTGAAGATTCCGAGCACCGTGTGCTATGCCG
TGTCTTCTAGGATGCGCGCTTTTGATGTGCTGAAGATTCCGAGCACCGTGTGCTATGCCG
TCTCCGTCTTGCCTGTGTTGGCGGCTAGCTAGCGCTGAGGGTTGTGGACGGCCTTGGGAA
TCTCCGTCTTGCCTGTGTTGGCGGCTAGCTAGCGCTGAGGGTTGTGGACGGCCTTGGGAA
TTAGGAAAAGAAAGATACTCGTGACGTTGAAACGTCCTGTTCTTTTTCTTTTCTAGTATT
TTAGGAAAAGAAAGATACTCGTGACGTTGAAACGTCCTGTTCTTTTTCTTTCTAAGTATT
TTCTATTCCA-GTCTTTACTTTCTGTTCCTTTCATTTCACTTCAAGTACATCGTCACCTC
TTCTATTCCAAGTCTTTACTTTCTGTTCCTTTCATTTCACTTCAAGTACATCGTCACCTC
TATCGATCTAGTGTGAGCCGAATTGAGCCTCCTGTCA-TGTAGCAGGAGGAACTACAGAG
TATCGATCTAGTGTGAGCCGAATTGAGCCTCCTGTCAATGTAGCAGGAGGAACTACAGAG
GTTCCGACTGGTAC-GAACAAACGAATCGGCGA-ACGGAGAGTAGGCATGAAGTTGTTGT
GTTCCGACTGGTACGGAACAAACGAATCGGCGAAACGGAGAGTAGGCATGAAGTTGTTGT
TGTCCAAGATCAAAAAGATAGAAACGAATATCTTTCTTGTTCTGCTACCTACATTGAAAC
TGTCCAAGATCAAAAAGATAGAAACGAATATCTTTCTTGTTCTGCTACCTACATTGAAAC
GGACATGAAAGACGACAATTCTAGATGAAGACACTGCCAAAAGGGAAGAAGCGCTCGGCC
GGACATGAAAGGCGACAATTCTAGATGAAGACACTGCCAAAAGGGAAGAAGCGCTCGGCC
ACCGCAGCAAGAAAGGCAAGAGAGAGAAGATAAAGTAAATTTTCGAGAGAACAAAAGAAA
ACCGCAGCAAGAAAGGCAAGAGAGAGAAGATAAAGTAAATTTTCGAGAGAACAAAAGAAA
TGAATGCAGGAAGGAAGGAAGGAAGGAGGGGAGGTAGTGAAAGAACGCGTGACAAGATTT
TGAATGCAGGAAGGAAGGAAGGAAGGAGGGGAGGTAGTGAAAGAACGCGTGACAAGATTT
GTAATGAAGAACATGGCATGAAAGAACGAACAGGGGGGACTGACGATTTGAGGGACTGAT
GTAATGAAGAACATGGCATGAAAGAACGAACAGGGGGGACTGACGATTTGAGGGACTGAT
GTGCGCAATTGAATCTTTTTCATTTGCATTGCGGCTGCGGCGGCAAACAAAACAAAAATA
GTGCGCAATTGAATCTTTTTCATTTGCATTGCGGCTGCGGCGGCAAACGAAACAAAAATA
ATTATTCGGCATTCACTTTGCTTGCGTTGTTGGACAACATAACCATAACAGAAACAAAAG
ATTATTCGGCATTCACTTTGCTTGCGTTGTTGGACAACATAACCATAACAGAAACAAAAG
CAAGGAAACCTAGCGCACACATAAACACCAAGCAAA
CAAGGAAACCTAGCGCACACATAAACACCAAGCAAA

Supplemental Figure 3.4 Multiple sequence alignment of the GAPDH promoter regions from A.
limacinum (Aurli_74731) and Schizochytrium sp. CB15-5 (SEQ. ID NO: 4; Ono et al., 2011).
1356 bp long and share 99.3% identity.

151

Supplemental Figure 3.5 Logistic equation modeling parameters K, carrying capacity, and r,
intrinsic growth rate. (A) Plot of K for each well relative to the glucose concentration at which the
cells were cultured (0 – 5 g/L). (B) Plot of K for each well relative to the peptone and yeast
extract concentration at which the cells were cultured (0 – 1 g/L). (C) Plot of r for each well
relative to the glucose concentration at which the cells were cultured. (D) Plot of r for each well
relative to the peptone and yeast extract concentration at which the cells were cultured.
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Supplemental Figure 3.6 Logistic equation modeling parameters t, ½ K, the time at which the
population density reaches half the carrying capacity, and the doubling time, the least amount of
time required to double the population. (A) Plot of t, ½ K relative to the glucose concentration at
which the cells were cultured (0 – 5 g/L). (B) Plot of t, ½ K relative to the peptone and yeast
extract concentration at which the cells were cultured (0 – 1 g/L). (C) Plot of the doubling time
relative to the glucose concentration at which the cells were cultured. (D). Plot of the doubling
time relative to the peptone and yeast extract concentration at which the cells were cultured.
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Supplemental Figure 3.7 Logistic equation modeling parameters auc-l, the area under the
modeled logistic curve (integral of the logistic equation), and auc-e, the area under the curve
obtained from the optical density readings data. (A) Plot of auc-l relative to the glucose
concentration at which the cells were cultured (0 – 5 g/L). (B) Plot of auc-l relative to the
peptone and yeast extract concentration at which the cells were cultured (0 – 1 g/L). (C) Plot of
auc-e relative to the glucose concentration at which the cells were cultured. (D). Plot of auc-e
relative to the peptone and yeast extract concentration at which the cells were cultured.
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Supplemental Figure 3.8 Growth (optical density) of triplicate A. limacinum 60 h cultures in 790
By+ media and antibiotic media are shown on the left. Respective antibiotic names, antibiotic
concentrations, and modeled growth parameters, including max yield (K) and growth rate (r),
are summarized for the triplicates (± standard deviation). X-axis = 0 – 60 h. Y-axis = 0 – 0.53
optical density. Black points indicate raw optical density readings and the modeled logistic curve
(growthcurver) in blue or y = 0 in pink for wells in which max OD – min OD < 0.01. Distributions
of additional modeling parameters for triplicate wells of each condition can be found in
(Supplementary Figure 3.9).
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Supplemental Figure 3.9 Optical density of A. limacinum 60 h cultures in 790 By+ media and
antibiotic media. Antibiotic concentrations are found in Supplemental Figure 3.9. X-axis = 0 –
60 h. Y-axis = 0 – 0.53 optical density. Top row represents the mean optical density (and error
bars represent the standard deviation) of A. limacinum triplicate wells at each time point. Rows
2 to 4 represent the modeled logistic curve (growthcurver) in blue or y = 0 in pink for wells in
which max OD – min OD < 0. Black points indicate optical density readings. Box plots indicate
the logistic equation modeling parameters for the distribution of the for triplicate wells in each
condition (AX, BX, CX) K, carrying capacity, r, intrinsic growth rate, t_mid, time at ½ K, t_gen,
doubling time, auc_l, the area under the modeled logistic curve (integral of the logistic equation),
and auc_e, the area under the curve obtained from the optical density readings data (empirical
data).
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Supplemental Figure 3.10 nptI (KanR) plasmid maps with (A) endogenous GAPDH promoterterminator system and (B) exogenous TEF (S. cerevisiae) promoter-terminator systems.

Supplemental Figure 3.11 Exogenous TEF (S. cerevisiae) promoter-terminator systems driving
nptII (KanR) (A) targeting 18S rRNA SHR and introducing 150841 ORF (B) targeting
recombination in 150841 with mCherry.
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Chapter 4:

Genetic inactivation of crtIBY in Aurantiochytrium limacinum
ATCC MYA-1381
Supplemental Material

Supplemental Table 4.1 NanoPlot sequencing data quality assessment for wildtype
Aurantiochytrium limacinum ATCC MYA-1381 (WT) and two crtIBY knockouts (KO 32, KO 33).
Summary statistics prior to
filtering
Active channels:
Mean read length:
Mean read quality:
Median read length:
Median read quality:
Number of reads:
Read length N50:
Total bases:
Reads and Megabases above
quality cutoffs

WT

KO 32

KO 33

503
4913.5
9.3
2303
9.6
345135
11327
1695835482

503
8508.3
9.3
3877
9.6
258971
20120
2203401663

504
7951.5
9.3
3499
9.6
238315
19624
1894970894

WT

KO 32

KO 33

>Q5:

342752 (99.3%)
1689.0Mb

257360 (99.4%)
2196.1Mb

236823 (99.4%)
1889.0Mb

322874 (93.6%)
1618.5Mb
120657 (35.0%)
636.6Mb
567 (0.2%) 0.3Mb
0 (0.0%) 0.0Mb

242777 (93.7%)
2117.8Mb
90157 (34.8%)
829.9Mb
898 (0.3%) 0.3Mb
0 (0.0%) 0.0Mb

223434 (93.8%)
1822.2Mb
82854 (34.8%)
713.9Mb
643 (0.3%) 0.2Mb
0 (0.0%) 0.0Mb

WT

KO 32

KO 33

14.9 (267)
14.7 (191)
14.1 (237)
14.0 (129)
13.6 (138)

14.6 (245)
14.6 (267)
14.5 (154)
14.4 (210)
14.4 (179)

14.4 (184)
14.4 (249)
14.1 (308)
14.0 (170)
13.9 (216)

WT

KO 32

KO 33

122423 (10.3)
121698 (8.8)
111237 (7.8)
104456 (10.6)
103754 (7.9)

180475 (9.8)
153580 (7.4)
138783 (7.8)
131259 (10.8)
125687 (8.0)

130269 (9.7)
126830 (8.6)
122652 (8.7)
116043 (9.0)
116037 (7.5)

>Q7:
>Q10:
>Q12:
>Q15:
Top 5 quality scores and
read lengths
1:00
2:00
3:00
4:00
5:00
Top 5 longest reads and
quality score
1:00
2:00
3:00
4:00
5:00
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Supplemental Figure 4.1 Growth rate (r) and max yield (K) parameter estimates from growth
models generated using growthcurver 0.3.0 (Sprouffske, 2018) on WT and KO (32) strains
cultured in 790 By+ and GPY media.
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Chapter 5:

Carotenogenesis in the oxidative stress response of A. limacinum
Supplemental Material

Supplemental Figure 5.1 Methylene blue chemistry in blue bottle experiment alternates
between oxidized (methylene blue, blue) and reduced (leucomethylene blue, transparent) forms
(Limpanuparb et al., 2017).
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Supplemental Figure 5.2. Absorbance spectra Absorbance spectra of acetone-extracted
pigments of wildtype (WT) and knockout (32) following 235 h culture in GPY and 790 By+
media. Inset photo provides visual of pigmentation differentiation between pelleted strains
cultured in both media.
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Supplemental Figure 5.3 Compound plate experiment in WT cells cultured on GPY and 790
By+ over four days.
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Supplemental Figure 5.4 A. limacinum WT and KO (32, 33) growth curves (optical density)
when cultured in 790 By+ and GPY media with 0, 0.5, 2.5, 10, 25 mM H2O2.
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Supplemental Figure 5.5 Agar plate photographs of WT cells at 3, 4, and 5, days of culture on
790 By+ with 0, 0.05, and 0.1 mM MB.
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Supplemental Figure 5.6 Cells scraped from agar plates after 8 days of growth. WT and KO
(32) strains were grown on 790 By+ and GPY media with 0, 0.05, 0.1, 0.25, and 0.5 mM MB.
Pellets reveal relative differences in growth, pigmentation, and methylene blue reduction.

Supplemental Figure 5.7 Biomass of WT cells scraped from 790 By+ media with 0, 0.05, and
0.1 mM MB after three and four days of growth under fluorescent lighting.
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5.1

Pigment Extraction Optimization

The literature presents several methodologies for carotenoid extraction in
thraustochytrids. Differences are present in the preparation of the cells, the solvent used in the
extraction of the pigment from the cell mass, and the overall extraction methodology. To identify
the most consistent and reproducible method for extracting carotenoids from Aurantiochytrium
limacinum ATCC MYA-1382 (A. limacinum) five different solvents were evaluated in the
extraction of pigments from 5-day old cultures.
Culture
Aurantiochytrium limacinum was cultured in 50 ml of GPY medium at 28°C, 150 rpm, for
5 days. Wet pellets, ~100mg from 2 ml of culture (SD = 0.02), were collected by centrifugation
(13,200 rpm, 5 min, RT).
Extraction
Five solvents: 100% acetone, petroleum ether/acetone/water (15:75:10, v/v/v),
acetone:methanol (7:3, vol/vol), chloroform:methanol (3:1), and chloroform:methanol (2:1) also
known as Folch reagent were evaluated. To each of five pellets (100 – 110 mg), 500 mg of 0.5
mm beads and 1 ml of respective solvent was added. The microcentrifuge tubes were vortexed
for 30 min and then centrifuged for 15 min at 4000 rpm, RT. The supernatant was transferred to
a 15 ml tube and 3 ml of 100% acetone was added. Following 10 min of centrifugation at 3500
rpm, the solvent was allowed to evaporate (~24 h) in darkness. The remaining mass was
resuspended in 1 ml of 100% acetone and measured on UV-2401 PC UV-VIS
spectrophotometer (Shimadzu, Kyoto, Japan).
Spectral Analyses
Absorbance was determined at every half nanometer (400, 400.5, 401, 401.5, etc.) from
400 – 800 nm (Supplemental Figure 5.1.1). Each entire spectrum was corrected to reflect an
absorbance reading of 0 at 800nm. The absorbance values at 400 nm and 550 nm were used in
the construction of a baseline in the analysis of peak height. The wavelengths for peak height
determination were identified in the acetone spectrum using the slope values throughout three
ranges: 420-430 nm, 445-460 nm, and 470-490 nm. The slope values at or approaching zero
were identified as the peak wavelength (Supplemental Figure 5.1.2). Peak height was
determined by subtracting the corresponding baseline value from the absorbance value at each
of the three peak wavelengths.
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Supplemental Figure 5.1.11 Absorbance spectra of pigments extracted from Aurantiochytrium
limacinum using five different solvents.

Supplemental Figure 5.1.12 Identification of the wavelength of three spectral peaks in 100%
acetone-extracted pigments.
Results
Of the five carotenoid extraction solvents assessed, 100% acetone resulted in the
greatest net absorbance values at the three identified peaks (429 nm, 453.5 nm, and 477.5 nm)
relative to the other solvents tested (Supplemental Figure 5.1.3).
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Supplemental Figure 5.1.13 The net absorbance at three wavelengths 429nm, 453.5 nm, and
477.5nm across various extraction solvents.
Generating a Standard Curve for Carotenoid Extraction
The reproducibility across varying carotenoid content from Aurantiochytrium limacinum
was evaluated through the generation of a standard curve.
Culture
Aurantiochytrium limacinum was cultured in 50 ml of GPY media (Table 7) and in 50 ml
of 790 media (Table 7) at 28 C, 150 rpm, for 6 days. Cultures were mixed to produce 5 varying
ratios: 100% GPY; 75% GPY, 25% 790; 50% GPY, 50% 790; 25% GPY, 75% 790; and 100%
790. Wet pellets (40 – 90mg, 2 ml of culture) were collected by centrifugation (13,200 rpm, 5
min, RT).
Extraction
To each of the five pellets 500 mg of 0.5 mm beads and 1 ml of 100% acetone was
added. Pellets were vortexed for 30 min and then centrifuged for 15 min at 4000 rpm, RT. The
supernatant was transferred to a second microcentrifuge tube, and the extraction was then
repeated on the original pellet by adding 1 ml of 100% acetone, vortexing for 30 min,
centrifuging for 15 min, 4000rpm, RT, and then adding the supernatant to the contents of the
first extraction. This solution was centrifuged at 3600rpm for 10 min. Acetone was allowed to
evaporate (overnight in darkness) and contents were resuspended in 1 ml 100% acetone for
spectrophotometric reading.
Spectral Analyses
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Absorbance was measured as described above. Peak height was calculated by
subtracting the absorbance at 550.0 nm from the absorbance at each of the previously identified
peak wavelengths (429.0, 453.5, 477.5 nm). Linear regression models were generated by R (R
version 3.4.3) using peak height (y) and percentage of GPY media (x).
Results
Considerable differentiation is observed between the spectra of pigments extracted from
100% GPY media and 100% 790 media. The spectra of pigments extracted from mixtures of the
two cultures (75% GPY, 25% 790; 50% GPY, 50% 790; 25% GPY, 75% 790) exhibited
intermediary curves falling between the spectra of 100% GPY media and 100% 790 media
(Supplemental Figure 5.1.4). The peak heights at 429 nm, 453.5 nm, and 477.5 nm also
indicate the greatest pigment content from 100% GPY relative to 100% 790, as the lowest
pigment content (Supplemental Figure 5.1.5A).

.
Supplemental Figure 5.1.14 Spectra for pigment content of cell masses from mixed ratio
dilutions of 790 and GPY.
The three linear regression models, generated for each of the three peak wavelengths
(previously identified), indicate a linear correlation between peak height and % GPY media
(Supplemental Figure 5.1.5B; Supplemental Table 5.1.1). These findings support the linearity
of this carotenoid extraction method for biomass representing a wide range in pigment content.
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Supplemental Figure 5.1.15 (A) Net absorbance at the three peaks 429 nm, 453.5 nm, and
477.5 nm. (B) Linear regression models corresponding to the peak heights (net absorbances) at
each of the three wavelengths.
Supplemental Table 5.2.1 Linear regression models of the peak heights of varying GPY pellet
masses at three wavelengths 429 nm, 453.5 nm, and 477.5 nm.
Peak
Wavelength

Intercept

Slope

429 nm

0.005300

0.001422

0.9942

453.5 nm

0.006540

0.001732

0.9768

477.5 nm

0.011520

0.001668

0.9557
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R2

5.2

Methylene blue shift in large cultures and interference implications on optical
density

The blue hue of MB had been previously accounted for in 96-well plates by using a MB
control at the respective concentration. Yet, in the large culture experiments, the intensity
(magnitude) of the MB blue hue was altered and varied between cultures (Supplemental
Figure 5.2.1). Methylene blue, when reduced, becomes colorless. The shift in blue intensity
occurring in the cultures was likely a result of reducing agents produced by the cells and
therefore was not accurately reflected in the use of a standard oxidized MB control at the
respective concentrations.

Supplemental Figure 5.2.1 Photographs of flasks at 24 h culturing. Variation in the intensity of
MB blue hue is observed primarily between the WT and KO strains at 0.1 mM MB.

The shift in MB intensity was accounted for in two ways. First, the difference in the
optical density between 0 mM (equivalent to fully oxidized MB) and 0.05 mM MB, and 0.05 mM
and 0.1 mM MB is 0.02. The optical densities blanked using standard methylene blue controls at
respective concentrations are displayed in Figure 5.8.
Second, methylene blue can be reduced to colorlessness using dithiothreitol (DTT). DTT
is a strong reducing agent that alters the redox state of MB, yielding a complete reduction of MB
and a shift from the blue hue to transparency. Optimization of DTT (not shown) revealed that
adding 50 µl of 1M DTT to 100 µl cells would be necessary for complete reduction of the highest
MB concentration (0.1 mM MB). The optical densities of cells collected at respective time points
were measured with DTT after 38 days storage at 4°C (Supplemental Figure 5.2.2).
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Supplemental Figure 5.2.2 Methylene blue culture experiment with DTT correction of optical
densities of three technical replicates. WT and KO strains (32 and 33) cultured in 25 ml volumes
of 790 By+ with 0, 0.0.5, 0.1 mM MB over 60 h.
Growth curves plotted from optical densities using DTT to remove absorbance of MB
revealed similar growth curved to those without DTT. Although slight differences are apparent
(e.g., reduced max yields in all conditions), the growth curves uphold the relative observations
initially measured (Figure 5.8).
The differences between the initial and DTT optical densities may be attributed to the 38
days storage at 4°C and/ or exposure to DTT. During this time, cells experience cold stress in
addition to ROS that had previously been produced.
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